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SUMMARY

Commercial light water reactor (LWR) operators and fuel vendors in the United States are pursuing
changes to nuclear fuel that include extended enrichment (EE) and accident-tolerant fuel (ATF) designs.
The term EE (8% > *°U > 5%) is used in this report to refer to a subset of high assay low-enriched
uranium (HALEU) that is considered usable in commercial US LWRs in the near term. ATF features are
designed to improve fuel system performance under accident conditions. One goal of EE is to improve
fuel cycle economy by enabling fuel to be depleted to higher burnup than the typical current maximum
pin burnup limits (62 gigawatt-days per metric ton of uranium [GWd/MTU]). Adoption of EE, ATF, and
high burnup (HBU) fuels in the US commercial fleet requires a clear understanding of the effects on core
physics parameters and used fuel isotopic content, as well as confidence in the accuracy of computer code
predictions over an expanded range of materials, enrichment, and burnup. A thorough understanding of the
applicability and adequacy of benchmark data (e.g., criticality, decay heat, isotopic content) for computer
code validation is necessary to ensure that appropriate safety margins are maintained.

To prepare for and support these potential changes, the effects of EE, ATF, and HBU are being assessed
for selected representative LWR fuel designs. The project is divided into phases: this report summarizes
the findings of Phase 1, which focuses on the lattice physics parameter and used fuel isotopic changes for
a conventional Westinghouse 17x17 pressurized water reactor (PWR) design. The primary investigation
tool is the SCALE Polaris code using the SCALE 56-group Evaluated Nuclear Data File (ENDF)/B-VII.1
cross sections.

The goal of the current work is to (1) identify and explain important effects of EE and HBU (reactivity,
lattice physics, and isotopic effects) assuming that PWR fuel design and usage remain similar to those for
current enrichment fuel, (2) provide limited code-to-code comparisons with higher order cross section
libraries and/or codes, and (3) identify any apparent anomalous trends in the results for further
investigation.

This activity is part of Phase 1 of HALEU/HBU/ATF SCALE code preparedness activities beginning in
Q2 FY20 and ending in Q2 FY21. This report addresses the following NRC user needs within the Nuclear
Reactor Regulation (NRR) and Nuclear Material Safety and Safeguards offices.

e Identify data needs for high burnup and enrichment >5% in SCALE.

e Compare isotopics from baseline (~62 GWD/MTU rod average) to 75 GWD/MTU rod-average
and quantify impact on reactivity, decay heat, and radioactive source terms in prototypical
applications in each area.

e Compare isotopics from baseline (5%) to 8%, and quantify impact on reactivity, decay heat, and
radioactive source terms in prototypical applications in each area.

These NRC user needs are expected to change and adapt to the ever-changing commercial nuclear
landscape. Phase 2 HALEU/HBU/ATF SCALE activities are expected to focus on core level (PARCS)
assessments as well as code development efforts recommended by Phase 1 activities. If new user needs
are available, activities identified for Phase 2 will be re-mapped and re-prioritized according to the
updated user needs.

Calculations were performed using a pre-release version of SCALE 6.3 Polaris, TSUNAMI, and
ORIGEN computer codes to evaluate the effects of EE and HBU fuels on depletion characteristics of a
representative commercial PWR fuel assembly (Westinghouse 17x17 with 104 integral fuel burnable
absorber [[FBA] rods). The investigation focused on differences between depletions of well-understood
LWR fuel (5 wt% U depleted to 60 GWd/MTU) and depletion for enrichments up to 8 wt% and burnup
up to 80 GWd/MTU.



Key quantities of interest include (1) lattice physics parameters (reactivity, reactivity coefficients, power
and distributions, cross sections, and kinetics parameters), (2) isotopic inventory at various decay times,
(3) neutronic similarity in spent fuel pool (SFP) storage, and (4) uncertainty in kinr arising directly from
cross section uncertainties and indirectly from uncertainties in the discharged isotopic content. Limited
comparisons between predictions using SCALE 56-group ENDF/B-VII.1 cross sections and SCALE 252-
group ENDF/B-VII.1 cross sections are also presented.

No unexpected or anomalous trends were found that would call into question the accuracy of the Polaris
code using SCALE 56-group ENDF/B-VII.1 cross sections for depletion, lattice physics, and isotopic
content calculations of the analyzed PWR fuel with enrichments up to 8 wt% and burnup up to

80 GWd/MTU. For multiple physical quantities of interest, increases in enrichment and increases in
burnup had opposing and offsetting effects. Finally, a limited neutronic similarity comparison of PWR
fuel assemblies in SFP storage with 3 different enrichment and burnup combinations (5 wt% 60
GWdA/MTU, 8 wt% 84 GWd/MTU, and 8 wt% 94 GWd/MTU) suggests that validation of the SFP burnup
credit criticality code should not be strongly impacted by HALEU/HBU.



1. INTRODUCTION

Commercial light water reactor (LWR) operators and fuel vendors in the United States are pursuing
evolutionary changes to nuclear fuel that include updated extended enrichment (EE) fuel (***U enrichment
within 5-8wt%) and accident-tolerant fuel (ATF) designs intended to improve fuel and cladding
performance under accident conditions [1, 2]. One goal of this effort is to improve fuel cycle economy by
enabling fuel to be depleted to higher burnup than presently possible. Adoption of these changes in the
US commercial fleet requires a clear understanding of the effects on core physics parameters and used
fuel isotopic content, as well as confidence in the accuracy of computer code predictions over an
expanded range of materials, enrichment, and burnup. A thorough understanding of the applicability and
adequacy of benchmark data (e.g., criticality, decay heat, isotopic content) for computer code validation is
necessary to ensure that appropriate safety margins are maintained.

To prepare for and support these potential changes, the effects of EE, ATF, and high burnup (HBU) fuels
are being assessed for selected representative LWR fuel designs. This Volume I report focuses on changes
to lattice physics parameters and used fuel isotopic compositions for a conventional Westinghouse 17x17
pressurized water reactor (PWR) design [3]. The SCALE Polaris lattice physics code and the ORIGEN
depletion and decay code are the primary investigation tools [4].

To aid in understanding the best-estimate effects of EE and HBU, various quantities of interest for UO»
fuel 2°U enrichments are evaluated at 5, 6.5, and 8 wt% up to 80 GWd/MTU lattice-average burnup, with
a focus on differences relative to 5 wt% enrichment up to 60 GWd/MTU.

Power was not varied in this study because it is implicitly included in burnup. Furthermore, power is not
expected to change with EE and HBU due to its being set by thermal hydraulic limits. Therefore power is
not a parameter being varied in this study.

The quantities of interest include:

e Lattice physics behavior (modeled with Polaris)
o Neutron flux and flux spectrum
o Reactivity (kint, reactivity coefficients)
o Power factors (pin power peaking, radial pellet peaking)
o Burnup distribution (minimum and maximum pin burnup, radial pellet burnup distribution)
o Nodal data (2-group macroscopic cross sections)

e Trends and contributing isotopic inventory of importance in four categories

Decay heat (short- and long-term decay times)

o Shielding (activity at short- and long-term decay times)

o Severe accident (important nuclides at short and long decay times)

o Criticality (during decay)

o

These calculations are 2D, representing assembly average quantities and equilibrium cycles. 5 wt% is the
current enrichment limit for commercial LWRs, 8 wt% bounds the maximum envisioned near-term
enrichment increase, and 6.5 wt% is included as a midpoint to improve confidence in observed trends.
Evaluation of 3D parameters such as axial burnup shapes will be performed in later work.

The uncertainty of EE and HBU models relative to conventional fuel models is also of interest.
Preliminary results of limited sensitivity and uncertainty (S/U) analyses are presented, comparing fuel
assemblies of differing enrichment and burnup in spent fuel storage. The primary tools for S/U analysis
are TSUNAMI-3D [5] and Sampler/Polaris [4]. These analyses quantify uncertainty in kinr and in depleted



fuel isotopic content due to nuclear data uncertainty using the cross section covariance data included in
SCALE. TSUNAMI-IP [5] is also used to calculate a similarity coefficient representing the neutronic
similarity of a 5 wt% 60 GWd/MTU fuel assembly, an 8 wt% 84 GWd/MTU fuel assembly, and an 8
wt% 94 GWd/MTU fuel assembly stored in a simplified spent fuel pool (SFP) rack cell [6]. The
following preliminary S/U data are presented.

e Sampler/Polaris pincell kinr uncertainty (perturbed cross sections at in-reactor hot full power (HFP)
conditions) for 5 wt% fuel depleted to 60 and 80 GWD/MTU

o Sampler/Polaris pincell perturbed cross section depletions (isotopic content and kinr uncertainty at in-
reactor HFP conditions) for 5 wt% fuel depleted to 60 and 80 GWD/MTU isotope worth ranking by
importance to Kinr (in-reactor HFP conditions) for 5 wt% fuel depleted to 60 and 80 GWD/MTU

e TSUNAMI-IP in-rack similarity coefficient (ci) for three different combinations of enrichment and
burnup

e TSUNAMI-3D in-rack kiss uncertainty due to cross section uncertainty for three different
combinations of enrichment and burnup

Polaris models are described in Section 2. Lattice physics comparisons are presented in Section 3. Section
4 describes and summarizes the preliminary S/U analysis. Isotopic inventory comparisons are presented in
Section 5.

1.1 EXPECTED EFFECTS OF HBU AND EE ON FUEL MANAGEMENT

This evaluation of EE and HBU fuel is focused on existing commercial PWRs. The significance of lattice
physics trends is better understood if viewed through the lens of the practical PWR fuel management
changes that are likely to result from using increased enrichment fuel. The driving force for use of higher
enrichment fuel is to achieve reduced fuel cycle costs through increased fuel discharge burnup. As is
consistent with prior experience, increased enrichment results in increased burnup, and the effects should
be evaluated in combination.

There are at least two ways that EE may affect fuel cycle management. First, cycle length could be
maintained, and the size of the reload fuel batch could be reduced. This approach would result in higher
core average burnup throughout a cycle and higher discharge fuel assembly burnup. It is also possible that
increased enrichment could be used to increase cycle length (perhaps from 18 to 24 months). This
strategy would increase end-of-cycle (EOC) core average burnup and discharge burnup. The net effect on
beginning of cycle (BOC) core average burnup would depend in part on batch size. From a fuel cycle
management perspective, EE and HBU are expected to be positively correlated for at least part of a reload
cycle.

One problem in achieving a longer cycle with EE is that increased excess reactivity at BOC requires more
reactivity hold-down (burnable absorbers and/or soluble boron). As shown in the lattice physics results,
EE reduces boron worth (BW) substantially, making it more difficult to load sufficient neutron absorbers
to satisfy BOC hold-down requirements.

Regardless of whether increased enrichment is used to achieve smaller batch sizes or longer cycles, higher
core average burnup during at least part of a cycle and higher assembly discharge burnup are expected to
result. A first-order approximation of the increase in mid-to-late—cycle core average burnup expected
from an increase in enrichment was developed and is presented in Section 3.2 (Figure 6). This



approximation uses results from lattice physics calculations to enhance understanding of some of the
expected core average effects of EE and HBU in combination.

2. POLARIS MODEL DESCRIPTION

A Westinghouse 17x17 PWR fuel assembly was used as a representative design for the Phase 1 Polaris
model lattice physics analysis. Table 1 provides details of the fuel assembly design and the Polaris model
data. To obtain results representative of current generation fuel management, the model included a 5 wt%
reference assembly containing 104 integral fuel burnable absorber (IFBA) rods and was depleted with
1,000 ppm soluble boron at nominal power and temperatures.

The cycle average boron was based on a recent license amendment request that shows cycle average
soluble boron ranging from 815 to 1,051 ppm for a 3-loop PWR with a maximum licensed fuel
enrichment of 4.6 wt% 2**U. [5] The IFBA rod pattern was the same as that presented in NUREG/CR-
6760 [3, Figure 6]. Figure 1 shows the pin layout of the model.

Table 1. Fuel design and Polaris model data

Parameter Value
Assembly lattice 17x17
Assembly pitch 21.5cm

Fuel rods 264

IFBA rods 104

Guide tubes 24

Instrument tubes 1

Fuel rod pitch 1.26 cm
Clad material Zirc-4
UO:z pellet radius 0.4096 cm
UO:z model depletion rings 3 equal volume
UO: effective density 10.26 g/cm®
IFBA radius 0.4106 cm
IFBA B-10 loading 0.927 mg/cm/rod
Clad inner radius 0.418 cm
Clad outer radius 0.475 cm
Guide tube inner radius 0.561 cm
Guide tube outer radius 0.602 cm
Instrument tube inner radius 0.559 cm
Instrument tube outer radius 0.605 cm
Polaris ray spacing 0.01 cm
Fuel temperature 900 K

Coolant temperature 583.15K
Coolant density 0.7048 g/cm?
Clad temperature 700 K
Depletion power 40 MW/MTU




Polaris depletions were performed for 5 (baseline), 6.5, and 8 wt% *°U fuel assemblies from 0 to 80
GWd/MTU. Depletion steps to 0.1 and 11 GWd/MTU were followed by 2 GWd/MTU steps to 20
GWd/MTU, 2.5 GWd/MTU steps to 40 GWd/MTU, and 4 GWd/MTU steps to 80 GWd/MTU. Appendix
B provides a comparison of Polaris kinr results using the selected depletion steps to two additional
depletions with smaller steps. Fuel pellets in each fuel pin were modeled with three equal volume radial
regions (rings) to provide information on power and burnup distribution within each pin. No design
changes to conventional fuel pellets were assumed.

The increased enrichment models were depleted twice, once with 1,000 ppm soluble boron, and a second
time with the soluble boron increased to provide the same total BW as the 5 wt% model. Soluble BW
decreased with increasing fuel enrichment. The increased boron in the second depletion approximated the
expected cycle average boron increase required for criticality in an equilibrium cycle with increased
enrichment fuel. The lattice physics parameter comparisons use the increased boron depletion results, but
the isotopic comparisons do not.

Two SCALE cross section libraries are available for use with Polaris: 56- and 252-group ENDF/B-VII.1.
Lattice physics parameters and fuel depletion isotopic content were calculated using the 56-group library.
Some 252- and 56-group library depletion k and reactivity coefficient comparisons are also provided to
help determine whether EE and HBU introduce challenges for the 56-group library.
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Figure 1. Westinghouse 17x17 104 IFBA model (three radial rings per fuel pellet).



3. LATTICE PHYSICS RESULTS

3.1 FLUXES AND FLUX SPECTRUM

Many EE and HBU lattice physics effects are readily explained by changes in the neutron flux magnitude
and the neutron energy spectrum. Flux changes are largely a function of the amount of fissile nuclides
with large thermal absorption cross sections (**U, **’Pu amd **'Pu). Increased fissile content absorption
hardens the neutron energy spectrum and reduces the flux (particularly thermal flux) needed to sustain a
particular fission rate and power level.

Figure 2a and Figure 2b show that the fissile content for an 8 wt% *°U fuel assembly is much higher than
for a 5 wt% U throughout the depletion range. Total fissile content for the 8 wt% assembly at 80
GWd/MTU burnup is roughly equivalent to the 5 wt% assembly at 40 GWd/MTU. For a given burnup,
the Pu fraction of total fissile content is much lower in the 8 wt% lattice than in the 5 wt% lattice.
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Figure 2a. Depletion fissile content for 5 wt% *5U.
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Figure 2b. Depletion fissile content for 8 wt% 2*U.



Figure 3 shows the fast/thermal flux ratio for both depletions and demonstrates the magnitude of spectrum
hardening due to increased enrichment. Total flux is shown in Figure 4 using pellet-clad gap flux as
representative of the lattice. Total flux reduction ranges from 10 to 15% over the burnup range. In
particular, spectral hardening and flux reduction can reduce the worth of absorbers, cause slower
depletion of burnable absorbers, and reduce the reactivity magnitude of '**Xe transients.
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3.2 REACTIVITY AND COEFFICIENTS

Reactivity comparisons for EE/HBU depletions presented herein include HFP depletion kinr, as well as
reactivity coefficients and control rod worth (CRW). Coefficients and worths were calculated for each
depletion step using the Polaris depletion kir as the nominal condition. Branch cases were performed with
a fuel temperature of 950 K fuel temperature, 0 ppm soluble boron, and a coolant temperature of 588.15
K (0.6929 g/cm’ coolant density), with control rods inserted.

Results are presented graphically in this section, with discussion notes accompanying each figure.
Reactivity coefficients are abbreviated as DTC (Doppler temperature coefficient), MTC (moderator
temperature coefficient), and BW ([soluble] boron worth).

As illustrated in Figure 5, reactivity increases with increasing enrichment due to the increase in fissile
content. The increase in kinr between 0 and 10 GWd/MTU is due to burnable poison (IFBA) initially
depleted faster than fissile material. IFBA neutron absorption is lower and IFBA depletion is slower with
higher fuel enrichment (harder energy spectrum). The [FBA burnout peak is less pronounced as fuel
enrichment increases. Reducing [FBA worth and burnout rate reduces the portion of the depletion during
which IFBA depletion is greater than fuel depletion (positive kinr slope), which in turn shifts the ki, peak
toward lower burnup. It is likely that higher enrichments will require more burnable absorber (IFBA rods,
gadolinia, removable burnable poison rod assemblies, or a combination thereof) that would change the
curve shapes. A constant number of IFBA rods was used in these comparisons to illustrate the effect of
increased enrichment apart from other changes.
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Figure 5. HFP depletion kinr (1,000 ppm soluble boron).

As can be seen in Figure 6, the increase in kinr that results from increased enrichment shows the effect of
slower IFBA burnout. The slower burnout increases the amount of IFBA remaining in higher enrichment



fuel relative to lower enrichment fuel until about 10 GWd/MTU. Except for IFBA effects, Ak is relatively

constant.
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Figure 6. HFP depletion Ak relative to 5 wt% (0 ppm soluble boron).

As shown in Figure 7,

boron worth declines with increasing enrichment. The amount of boron needed for

reactivity control will increase due to reduced worth and increased fuel reactivity. Additional burnable
absorbers may also be used to offset increased fuel reactivity.
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Figure 7. HFP soluble boron worth.
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Figure 8 shows the amount of soluble boron needed to provide the same total BW as 1,000 ppm in the 5
wt% assembly depletion. Equivalent boron was averaged over burnup and used in a second set of
depletions to approximate the expected cycle average soluble boron depletion conditions for higher
enrichment fuel (1,250 ppm for 6.5 wt%, 1,520 ppm for 8 wt%).
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Figure 8. HFP equivalent depletion boron.

The Figure 9 plot of kixr with no soluble boron gives an estimate of the cycle average burnup increase
expected to result from using higher enrichment fuel. Core average kinr at EOC in PWR core models is
approximately 1.04 (~4% Ak leakage) with no soluble boron. Assuming equilibrium cycles, the cycle
average burnup increase is approximately 11 GWd/MTU for each 1.5 wt% increase in enrichment based
on the intersection of each curve with the 1.04 ki line. Although actual cores contain two or more
batches of fuel with different burnups (some depleted for one cycle, some for two cycles, etc.), a single
assembly model can be thought of as a first-order approximation of the effective (batch importance
weighted) core average. The estimated EOC burnup change with enrichment can be used with other

lattice physics data (e.g., reactivity coefficients) to estimate core average effects when core models are
unavailable.
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Figure 9. HFP depletion kinr (0 ppm soluble boron).
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As illustrated in Figure 10, the effect of DTC becomes less pronounced with increased enrichment and
more pronounced with increasing burnup. Doppler broadening in 2**U primarily results in neutron capture
(negative DTC). In fissile materials such as **°U, Doppler broadening increases fission (positive DTC).
Higher enrichment fuel increases the positive fissile contribution to DTC. Higher burnup reduces the
positive fissile contribution to DTC. Based on the expected increase in core average burnup with
increased enrichment (Figure 9), the estimated core average DTC (EOC estimate) is small due to
offsetting effects of increased enrichment and increased burnup.
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Figure 10. HFP DTC.

The sign and magnitude of the MTC depends primarily on trade-offs between the effect of lower water
density on fission and absorption cross sections. Less moderation (water density decrease due to
temperature increase) hardens the neutron spectrum, reducing fission cross sections and 1/v absorber
cross sections, but it reduces neutron absorption by water. Figure 10 shows that the MTC becomes more
positive with increased enrichment and more negative with increasing burnup. The estimated EOC core
average MTC is expected to become somewhat more negative because the effect of increased burnup is
larger than the effect of increased enrichment.
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Figure 11. HFP MTC (no soluble boron).
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Increased enrichment causes absorption hardening of the neutron spectrum, which significantly reduces
the worth of Ag / In / Cd control rods, which are predominantly thermal absorbers that compete with 2°U
for thermal neutrons. As shown in Figure 12 control rod worth declines ~9% / wt% **°U at the same
burnup and ~5% / wt% **°U at the expected EOC burnup for each core average enrichment.
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Figure 12. HFP control rod worth.
3.3 CROSS SECTION LIBRARY AND CODE VERSION EFFECTS

The 5 and 8 wt% depletions were run with the SCALE 252-group and 56-group ENDF/B-VII.1 libraries
to evaluate the performance of the 56-group library with EE and HBU. Figure 13—Figure 16 indicate that
differences increase with burnup and decline with increased enrichment. Differences with 8 wt% are
generally within the range of differences with 5 wt% and 0 to 60 GWd/MTU.

As shown in Figure 13 below, differences in kinr using the two cross section libraries trend more positive
with increasing burnup beyond ~40 GWd/MTU. The 8 wt% 56-group depletion kinr is biased more
negative than the 5 wt% kinr. The maximum difference is smaller for the higher enrichment, possibly
because the importance of Pu is less for higher enrichments (Figure 2).
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Figure 13. HFP kint cross section library difference (Kint 56- and kinf 252-group).

Cross section library DTC difference trends are similar for both enrichments. The maximum difference
for either enrichment is about 2% of the DTC. In Figure 14, the jagged nature of the curves is due to kinr
roundoff to the nearest pcm in the Polaris output file.
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Figure 14. HFP DTC cross section library difference (56- and 252-group).
As shown in Figure 15, the 56-group library tends to produce more negative MTCs than the 252-group

library for both enrichments. The trend with burnup is similar, but it is more pronounced with 5 wt%. The
jagged nature of the curves is due to kinr roundoff to the nearest pcm in the Polaris output file.
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Figure 15. HFP MTC cross section library difference (56— and 252-group).

The 56-group library generally produces slightly less negative BW than the 252-group library, as
illustrated in Figure 16. BW difference trends are similar for both enrichments but are more pronounced
with 5 wt%. The maximum difference is about 1.4% of the BW.
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Figure 16. HFP BW cross section library difference (56 — and 252-group).

The 56-group library produces smaller CRW magnitude than the 252-group library (Figure 17). CRW
difference trends are similar for both enrichments but are more pronounced with 5 wt%.
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Figure 17. HFP control rod worth cross section library difference (56-group vs 252-group).
During this work, pre-release SCALE 6.3 nuclear data and codes were assessed for HALEU and HBU
modeling, and compared to results from the production release, SCALE 6.2. Figure 18 shows that the
17x17 assembly Polaris 56-group ENDF/B-VII depletion ki results differ slightly between code versions
with the changes in 6.3 a result of minor method and library improvements. These small differences do

not affect any results in this report and where coefficients or worths are calculated, the depletions or
branch cases are performed with the same code version for consistency.
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Figure 18. HFP 56-group Polaris SCALE pre-release 6.3 lattice kinr — SCALE 6.2 lattice Kin.
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3.4 COMPARISON OF TRITON AND POLARIS DEPLETIONS

Pin-cell depletions with 8 wt% fuel were run with Polaris and TRITON-KENO (T6-depl sequence) to
assess the bias in Polaris MG calculations. TRITON-KENO calculations were performed with
continuous energy, 252-group, and 56-group ENDF/B-VII.1 libraries. This comparison was conducted to
evaluate the performance of the 56-group library with EE and HBU fuels. Differences in kiyr are shown in
Figure 19. Higher order cases were run with looser convergence to manage run times (Kins convergence
level indicated in Figure 19 data labels).
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Figure 19. HFP 8 wt% 56-group Polaris pin-cell depletion kint — TRITON-KENO Kint.
Notes: The overall trend is for Polaris kinr to be slightly lower than TRITON-KENO initially and then to
trend higher throughout the depletion. No large differences between the models were seen; however,
differences at HBU (>50 GWd/MTU) are large enough to warrant additional evaluation.
3.5 PIN POWER AND BURNUP DISTRIBUTIONS

Pin power and burnup distributions for three Polaris depletions were extracted and/or calculated from
information in the Polaris output files.

e Maximum and minimum relative pin power vs assembly burnup: extracted from the “Fission Density
Peaking Factors” section
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e Maximum and minimum relative pin burnup versus assembly burnup
o Pin power is integrated over burnup to obtain pin burnup using the “Material Flux and Power
Levels over Burnup Step” section
o Relative pin burnup is normalized to assembly average burnup
o Pin burnup is an integral part of pin power, but it also includes the effect of pin power
redistribution in the lattice over the burnup range

e Average pin relative ring power for inner, middle, and outer fuel rings
o Calculated from pin ring power in the “Material Flux and Power Levels over Burnup Step”
section
o Each ring power is averaged over all fuel pins and normalized to the assembly average pin power

Data are presented in a series of figures below, with accompanying comments identifying notable trends.
Relative power and burnup values are unitless.

As shown in Figure 20, maximum relative pin power increases with increasing enrichment due to the
increased local effect of high moderation regions (e.g., guide tubes) when the lattice flux spectrum is
harder. All enrichments show a trend-vs-burnup characteristic of rapid IFBA burnout followed by gradual
flattening of the lattice power distribution. Peak power occurs at higher burnup with increased enrichment
due to the delayed IFBA burnout in harder energy spectra.
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Figure 20. HFP maximum relative pin power.

Figure 21 shows how minimum pin power rises with burnup. Lower than average pins have accumulated
burnup deficit. This tends to preserve their reactivity at a higher value than other pins. That then offsets
the local geometry effects (e.g., far from high moderation regions) causing the low pin power, and pin
power trends toward the assembly average. Minimum power is lower for higher enrichment because high
power pins are higher (average pin power is constant).

18



0.98

— =8 wt% Min pin
-===6.5 wt% Min pin
—5 wt% Min pin

0.92
0 10 20 30 40 50 60 70 80
GWd/MTU

Figure 21. HFP minimum relative pin power.

As seen in Figure 22, maximum pin burnup increases with increasing enrichment, mirroring the pin
power trend. As with pin power, peak relative burnup occurs later in burnup for higher enrichments.
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Figure 22. HFP maximum relative pin burnup.

Figure 23 shows that higher absorption (fission + capture) cross sections due to increased enrichment
initially increase fuel pin radial self shielding (lower inner ring power). Increased enrichment reduces the
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importance of Pu at higher burnup due to higher **U/Pu, leading to a reduced rim effect (higher inner
ring power).
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Figure 23. HFP relative inner ring pin power.

Similar to the inner ring, increased enrichment results in reduced rim effect (middle ring power closer to
pellet average), as illustrated in Figure 24.
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Figure 24. HFP relative middle ring pin power.
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Figure 25 shows how increased enrichment initially increases pellet self shielding (lower inner ring power
and higher outer ring power). Increased enrichment reduces the importance of Pu at higher burnup due to
higher **°U/Pu, leading to reduced rim effect (decreased outer ring power at higher burnups).
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Figure 25. HFP relative outer ring pin power.

3.6 MACROSCOPIC CROSS SECTIONS

Polaris calculates multiple burnup-dependent lattice macroscopic cross sections, kinetics parameters, and
other values that are of use in core modeling nodal codes. In order to identify trends and potential
anomalies, comparisons of these parameters from the 5, 6.5, and 8 wt% depletions are presented in the
following figures with accompanying comments. Table 2 lists the parameter names and descriptions. Data
are presented in three subsections: four-factor formula, lattice cross sections, and kinetics parameters.

Table 2. Lattice parameters

Name Type Description Units
Eta 4-factor formula Reproduction factor 7 -
f 4-factor formula Thermal utilization factor f -
p 4-factor formula Resonance escape probability p -
eps 4-factor formula Fast fission factor ¢ -
Removall Macroscopic xs Fast removal cross section l/cm
Eff Abs1 Macroscopic xs Fast effective absorption cross section 1/em
Fissl Macroscopic xs Fast fission cross section 1/em
Removal2 Macroscopic xs Thermal removal cross section l/cm
Eff Abs2 Macroscopic xs Thermal effective absorption cross section 1/em
Fiss2 Macroscopic xs Thermal fission cross section 1/em
B-eff Kinetics Effective delayed neutron fraction -
L-eff Kinetics Effective delayed neutron decay constant 1/sec
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3.6.1 Four-Factor Formula

The component parts of the four-factor formula are as follows:

n: neutrons produced from fission per neutron absorbed in fuel,
f: thermal neutrons absorbed in fuel per thermal neutron absorbed in the system,
p: fraction of fission neutrons escaping resonance capture and reaching thermal energy, and

€: fast neutrons produced by fission per fast neutron produced by thermal fission.

Each of the four factors is a unitless ratio. In general, trends for these four factors with increasing °U
enrichment are due to increased fissile content in the fuel, along with spectrum hardening resulting from
the increased fissile content. Since there are no physical changes to the lattice that would change the H/U
ratio and no changes to depletion conditions (soluble BW is equivalent for each enrichment), spectrum
hardening is the result of increased thermal neutron absorption by fissile isotopes rather than reduced
moderation.

In Figure 26, eta is defined as fission neutrons produced per absorption in fuel. 2*°U has a higher # than
2380, so increased **°U enrichment increases 7. Figure 2 above shows that EE’s increased fissile content
persists throughout the depletion. The general shape of each curve reflects xenon build-in (increased
absorption), followed by the rapid burnout of IFBA (decreased absorption), followed by fissile content
depletion and buildup of parasitic fission products and actinides (reduced fission cross section and
increased absorption cross section).
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Figure 26. HFP four-factor n (reproduction).

In Figure 27, fis defined as the neutrons absorbed in the fuel per neutrons absorbed in the system.
Equivalent soluble boron worth for the three depletions results in approximately the same neutron
absorption in the moderator, so the differences in thermal utilization are very small. Trends are due to
second-order effects. With assembly depletion power held constant, thermal flux is decreased in EE fuel,
which decreases thermal neutron absorption in both fuel (numerator of ) and non-fuel (denominator of 1)
portions of the lattice, resulting in f very similar to the reference 5 wt% condition.
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Figure 27. HFP four-factor f (thermal utilization).

In Figure 28, p is defined as fission neutrons slowed to thermal energies without absorption as a fraction
of total fission neutrons. The microscopic U absorption cross section over most of the fast group range
(> 0.625 eV) is much larger than the **U absorption cross section. With fission rate essentially constant
for all three enrichments (constant depletion power), the p denominator is nearly unchanged by EE.
Replacing >**U with 2*°U increases absorption of fast neutrons and reduces the numerator of p. Figure 2
above shows that EE-increased **U content persists throughout the depletion.
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Figure 28. HFP four factor p (resonance escape probability).

In Figure 29, ¢ is defined as the number of total fission neutrons per thermal fission neutron. Increasing
fissile content increases the proportion of thermal fissions (reduces ¢). Increased fissile content also
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produces neutron spectrum absorption hardening, which increases the fast-to-thermal flux ratio, thereby
reducing the proportion of thermal fissions (increases ¢). Absorption hardening also shifts the thermal
group average neutron energy higher, resulting in lower microscopic thermal fission cross sections
(increases ¢). The net effect is an increase in ¢ with increasing enrichment.
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Figure 29. HFP four factor € (fast fission factor).
3.6.2 Lattice Cross Sections

Two-group lattice cross sections are presented graphically as a means of visualizing the effects of EE and
HBU and as a way to identify anomalous trends for further investigation. Some parameter trends are
easily understood through the lens of increased fissile content or spectrum hardening. Some are the result
of combinations of factors that are not obvious. The Polaris two-group neutron energy structure
designators are fast (> 0.625 eV) and thermal (< 0.625 eV). Units are provided on plots for parameters
that are not unitless quantities.
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In Figure 30, the fast removal cross section includes contributions from downscatter (moderation) as well
as absorption, resulting in a complex trend. For example, although '°B is primarily a thermal absorber, the
influence of IFBA depletion is visible at ~10 GWd/MTU, and it varies with enrichment. Moderation is
essentially constant because the amount of water in the lattice is the same for each depletion. Differences
in the fast removal cross section among the different enrichments are very small (~1%).
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Figure 30. HFP fast removal cross section.

Figure 31 shows that the fast absorption cross section for 2>U is much larger than for 2**U, so increased
enrichment increases the fast absorption cross section significantly.
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Figure 31. HFP fast effective absorption cross section.
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The SCALE 252-group ***U and ***U neutron absorption cross section (barns) vs energy (eV) is shown
for reference in Figure 32.
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Figure 32. 25U (black) and 28U (red) absorption cross section (barns) vs energy (eV).

As Figure 33 indicates, the fast fission cross section is primarily a function of the sum of the fissile
content (Figure 2) and the 2**U content. 2*U content is very similar for the three enrichments and is
relatively constant with burnup.
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Figure 33. HFP fast fission cross section.
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The thermal removal cross section is largely a function of the thermal absorption cross section (Figure
38). As shown in Figure 34, the magnitude increases with enrichment due to the large ***U thermal
absorption cross section and decreases as fissile material depletes.
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Figure 34. HFP thermal removal cross section.

The thermal absorption cross section increases with enrichment due to the large **U thermal absorption
cross section. The trend with burnup shown in Figure 35 is a complex function of multiple factors: rapid
buildup of xenon, buildup of saturating strong thermal absorber fission products (e.g., '**Sm), depletion of
IFBA, depletion of >**U, buildup of fissile Pu, and buildup of weak thermal absorber fission products.
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Figure 35. HFP thermal effective absorption cross section.
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The thermal fission cross section plotted in Figure 36 is primarily a function of fissile content (declines
continuously with burnup) and thermal group spectrum changes. Increasing xenon near the beginning of
the depletion hardens the thermal spectrum and reduces the thermal fission cross section. IFBA depletion
has the opposite effect, which is visible in the 0—-10 GWd/MTU burnup range.
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Figure 36. HFP thermal fission cross section.
3.6.3 Kinetics Parameters

Kinetics parameters include the effective delayed neutron fraction (unitless) and the delayed neutron
decay constant (1/sec).
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The B-eff trend shown in Figure 37 is determined by the fraction of fissions occurring in different
nuclides. The delayed neutron fraction is much lower for Pu fission than for U fission. Higher enrichment
depletion results in a lower fraction of fissions in Pu (Figure 2) than the reference depletion at the same
burnup, which results in a higher B-eff. Increased burnup in a higher enrichment core tends to offset the
enrichment-only effect.
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Figure 37. HFP effective delayed neutron fraction.

The effective delayed neutron decay constant (L-eff) depends on the population of delayed neutron
precursors produced from fission. The trends in Figure 38 arise because different fissionable nuclides
have different fission yields for delayed neutron precursors, which changes the aggregate delayed neutron
decay constant. Variation of L-eff over the enrichment and burnup range is small (~5%). L-eff decreases
with increasing enrichment and increases with burnup over most of the burnup range. Increased burnup in
a higher enrichment core tends to offset the enrichment-only effect.
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Figure 38. HFP effective delayed neutron decay constant.
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4. SIMILARITY AND UNCERTAINTY

4.1 TSUNAMI SFP STORAGE SIMILARITY AND UNCERTAINTY

The availability of applicable critical benchmark experiments for model validation will be assessed in
another phase of this project.

To provide a limited preliminary look at the magnitude of similarity change resulting from increased
burnup and enrichment, TSUNAMI-3D and TSUNAMI-IP were used to compare three depleted fuel
assemblies (5 wt% 60 GWd/MTU, 8 wt% 84 GWd/MTU, and 8 wt% 94 GWd/MTU) stored in a
representative SFP reflected rack cell. The 8 wt% 84 GWD/MTU case has approximately the same HFP
in-core kinr as the base case (5 wt% 60 GWd/MTU). Furthermore, the 8 wt% 94 GWd/MTU case has
approximately the same in-rack kinr as the base case. The calculation sequence is as follows.

1. A Polaris pin-cell depletion of a Westinghouse 17 x 17 fuel assembly to the discharge burnup was
performed, followed by 5 days of decay.

2. A KENO-VI calculation was performed with a fuel assembly in an SFP rack cell under reflected
boundary conditions. The SFP rack cases were simplified for this comparison:
a. All fuel pins in the fuel assembly had the inventory of the pin-cell after 5 days of decay.
b. No axial or radial burnup distribution was used.
c. The rack cell was a non-flux trap, neutron poison design. [6]

3. A TSUNAMI-3D case was run to create a sensitivity data file for each SFP case.

4. A TSUNAMI-IP case was run to calculate sensitivity coefficients describing the similarity of the two
8 wt% configurations to the 5 wt% base case. No identification of critical benchmark experiment
applicability was attempted. However, if the similarity of the three cases were high, then computer
code validation (including applicable experiment selection) would also be similar.

Figure 39 shows the KENO3D rendering of the rack cell. Rack cell materials and dimensions are shown
in Table 3. SFP water was modeled at 293 K with a density of 1.0 g/cm® and no soluble boron. The
TSUNAMI-3D/KENO-VI model included all isotopes from the ORIGEN decay run with number
densities greater than 10" at/b-cm that also had neutron cross sections in the SCALE v7-252g library.
A uniform mesh of ~2 cm/mesh was used for the TSUNAMI-3D calculation. Neutron histories were
sufficient to obtain one standard deviation convergence each of 25 pcm for the forward calculation and
75 pcm for the adjoint calculation.
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Figure 39. SFP rack cell model.

Table 3. SFP rack cell description [6]

Parameter Dimension
Pitch 22.5cm

Wall material 304 SS

Wall thickness 0.1 cm

Poison sheet material Borated aluminum
Poison sheet thickness 0.0625 cm

108 areal density 0.006 g/cm®

The primary quantity of interest from TSUNAMI is ck. The closer that cx is to 1, the more similar the
applications are, and the more likely that a benchmark experiment appropriate for one model validation
will also be appropriate for the others. TSUNAMI-3D also provides an estimate of kiyr uncertainty due to
cross section uncertainty. Table 4 provides the results of the TSUNAMI calculations. Similarity is very
high (>0.983). Cross section uncertainty is nearly the same for all three models.

Table 4. TSUNAMI results

Parameter 5 wt% 60 8 wt% 84 8 wt% 94
GWdA/MTU GWd/MTU GWdA/MTU

Forward Kint 0.88541 0.92844 0.88360
Adjoint Kinf 0.88513 0.92848 0.88404
Uncert, forward 0.00024 0.00022 0.00024
EALF*, forward 0.388 0.464 0471
Uncert, adjoint 0.00074 0.00074 0.00074
XS Uncert (%Ak/k) 0.533% 0.514% 0.552%
Ck 0.985 0.983

*Energy of the average lethargy of fission
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4.2 SAMPLER/POLARIS DEPLETION UNCERTAINTY

Uncertainty in kinr due to cross section uncertainty can be calculated using the SCALE Sampler sequence
in combination with Polaris. Sampler uses up to 1,000 perturbed cross section libraries to determine Kinr
uncertainty for a Polaris model with a static fuel composition, or it performs a series of perturbed cross
section depletions to capture the effect of cross section uncertainty on depleted fuel isotopic content.

Due to the level of computer resources required to perform hundreds of depletions, Sampler perturbed
depletions were performed using a single pin-cell model, with the pin pitch increased (1.32077 cm) to
account for guide tube, instrument tube, and assembly gap volume. This approximation preserves the
fuel/water ratio from the full assembly model, but it ignores the effect of IFBA. However, because IFBA
is fully depleted long before the lowest burnup of interest for HBU (60 GWd/MTU), this is an acceptable
approximation. The results of these calculations provide the combined effect of cross section uncertainty
on the kinr calculation as well as the effect of cross section uncertainty on depleted fuel isotopic content.

Uncertainty (kinr standard deviation/unperturbed depletion kinr) as a function of burnup for a 5 wt%
pin-cell and an 8 wt% pincell is shown in Figure 40. Uncertainty of the 8 wt% depletion is lower than the
5 wt% depletion after 20 GWd/MTU. Uncertainty of 5 wt% 60 GWd/MTU and 8 wt% 84 GWd/MTU are
essentially the same (0.65%Ak/k) and are only ~13% larger than the cross section—only uncertainty of the
SFP storage cases (Table 4). It is probable that uncertainty cancellation effects minimize the combined
uncertainty of depletion inventory and cross sections. For example, if an absorber nuclide with large
uncertainty is depleted with absorption cross sections perturbed high, the amount of that nuclide produced
is lower (more lost to neutron absorption), which mitigates some of the kinr uncertainty associated with
that nuclide. Uncertainty is about 0.11% Ak/k higher at 80 GWd/MTU than at 60 GWd/MTU.
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Figure 40. HFP pin-cell Polaris model perturbed depletion kinr uncertainty.
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Table 5 shows the Sampler/Polaris calculated number density uncertainty of 24 isotopes important to
criticality. Values for the 8 wt% depletion are generally lower than those for the 5 wt% depletion. These
values may also be useful as estimators of uncertainty for other quantities of interest where they are
important, such as decay heat or activity. These cases use the SCALE v7-56g library.

Table 5. Sampler isotopic content uncertainty*

Isotone 5 wt% 8 wt%
p 60 GWd/MTU 84 GWd/MTU
2%y 2.0% 1.6%
238y 0.0% 0.0%
241py 1.9% 1.5%
240py 2.1% 1.9%
3y 1.8% 0.8%
135Xe 3.6% 2.7%
103Rh 1.9% 1.6%
IBNd 2.1% 1.7%
160 0.0% 0.0%
ZNp 3.6% 3.4%
133Cs 1.0% 0.9%
242py 4.4% 4.2%
B31Xe 6.1% 5.1%
19Sm 3.0% 2.6%
8oy 1.3% 1.5%
PTe 0.6% 0.4%
155Eu 26.1% 29.4%
23 Am 8.9% 9.8%
S4By 7.8% 7.1%
53Ry 3.6% 3.2%
51Sm 3.9% 3.8%
132Sm 3.1% 2.9%
ISNd 1.8% 1.5%
147pm 2.8% 2.5%

*Nuclides important to criticality (Section 4.3)
4.3 NUCLIDE WORTH RANKING

Another way to assess the similarity between 60 and 80 GWd/MTU is by a comparison of nuclide worth.
The 5 wt% HFP pincell model described in Section 4.2 was used to calculate the reactivity change caused
by reducing the at-power depletion number density of 194 different nuclides by 50%, one at a time. The
nuclides were then ranked by importance (absolute value of 50% worth) for both burnups. At each
burnup, the top 25 nuclides represent >93% of the total perturbation worth for all 194 nuclides, 115 of
which had a calculated worth of at least 1 pcm.

Table 6 lists the top 25 nuclide rank and worth at 60 GWd/MTU and the comparative ranking at

80 GWd/MTU. Only one nuclide dropped off the list at 80 GWd/MTU: '*'Ru, which was replaced by
238Pu.
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Table 6. Nuclide worth ranking (5 wt% fuel)*

60 GWd/MTU 80 GWd/MTU 60 GWd/MTU 80 GWd/MTU

Nuclide Rank Rank Worth (pem) Worth (pcm)
239py 1 1 9,668 12,351
238 ) 2 -7,183 -6,813
235y 3 5 5,032 2,799
2ipy 4 3 3,942 5,476
240py 5 4 -3,486 -3,781
135%e 6 6 -1,199 -1,130
13R| 7 7 -801 921
160 8 9 =777 -794
143N 9 8 -769 -873
27Np 10 10 -493 -615
149G 11 14 -442 -426
1330y 12 11 -437 -523
131 13 13 -434 -476
23615 14 15 -432 -417
242py 15 12 -377 -520
9T 16 16 -341 -413
151G 17 21 -297 -343
155Ey 18 17 -294 -404
1545y 19 19 -285 -393
1S3Ey 20 20 -284 -362
1526m 21 22 -284 -326
147pm 22 25 -243 -225
145N d 23 23 -229 -276
2M3Am 24 18 -220 -403
0IRYy 25 26 -169 217

*Positive values of reactivity (1/k, — 1/k;) indicate that increasing the nuclide increases Kins.
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5. ISOTOPIC INVENTORY

Four burnup-enrichment combinations were evaluated for large changes in isotopic composition under the
following assembly-average discharge conditions:

60 GWd/MTU, 5 wt% — base case

60 GWd/MTU, 8 wt% — extended enrichment

80 GWd/MTU, 8 wt% — maximum burnup, extended enrichment
80 GWdA/MTU, 6.5 wt% — maximum burnup, 6.5 wt% enrichment

el

80 GWD/MTU burnup cases at 5 wt% are impractical from a reactivity standpoint (see Figure 5) and thus
were not evaluated.

Most of the analysis in this section will compare these four cases. The tables below present various
metrics using the comparison combinations in Table 7. These cases used the same 104 [FBA W17x17
geometry used in the previous section of this report. The difference here is that soluble boron was
assumed at 1,000 ppm. While this approximation may affect the isotopics to some extent, the general
implications of extending burnup and enrichment are of interest in this section—not precise predictions.
Polaris was used to perform the depletion with 27 depletion steps to 80 GWd/MTU. The assembly was
depleted at a specific power of 40 MW/MTU using a 56-group cross section library. ORIGEN was used
to decay isotopes from various burnups to the cooling times.

Table 7. Layout of tables for isotopic composition comparisons

3% enrichment increase 20 GWd/MTU burnup increase
5 wt% (ref) = 8 at 60 GWd/MTU 5w% at 60 GWd/MTU (ref) = 80 at 8 wt%
20 GWd/MTU burnup and 20 GWd/MTU burnup and
1.5% enrichment increase 3% enrichment increase
5 wt% at 60 GWd/MTU (ref) = 6.5 at 80 5 wt% at 60 GWd/MTU (ref) = 8 at 80

Five decay times were evaluated for each case in this section. The reasons for selections of the various
time points are listed below:

0 seconds: provides a reference value for other time points

30 min: captures possible impacts of isotopics on core cooling events (e.g., LOCA)

5 days: captures possible impacts of isotopics during refueling outage/discharge

25 days: captures possible impacts of isotopics at the end of refueling outage/discharge
500 days: captures possible impacts of isotopics on early long-term storage

Isotopes are ranked by the root mean squared (RMS) value of the isotope’s percent total contribution to
some quantity such as activity or decay heat given by

RMS; = \/Zn (“”bi)2 , ()

n

where a;,, and by, are the values for isotope 7 being compared at time point #, with b,, being the total of
all isotopes at time point z#. The timepoint of 0 seconds of decay is not included in calculating any of the
rankings.
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5.1 NEUTRON EXPOSURE

The amount of neutron exposure often drives isotopic behavior. Before examining the individual isotopes,
the flux is shown as a function of burnup for each case evaluated in Figure 41. It is clearly seen that
reduced enrichment is associated with increased flux and neutron exposure because increased flux is
necessary to maintain power with reduced enrichment. Increased neutron exposure should increase
abundances of neutron absorption products like the higher actinides and plutonium, as well as isotopes
that preferentially result from plutonium fission. Likewise, because plutonium is producing a larger
fraction of the power in lower enriched fuel, fission products preferentially produced by uranium fission
would decrease in abundance. Increases in burnup are also expected to produce the same trends, again due
to increased neutron exposure. Notably, these trends may not hold when comparing assemblies under
different conditions such as assemblies with different control rod positions or assemblies with different
soluble boron concentrations.
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Figure 41. Flux magnitude for cases evaluated.
5.2 DECAY HEAT TRENDS

It is common knowledge that decay heat immediately after shutdown is primarily due to short-lived
isotopes decaying away. The concentration of these isotopes is almost completely dependent on reactor
operating power at the end of the cycle. Later, as the short-lived isotopes decay away, the decay heat
depends more upon operating history and long-lived isotopes. After longer time periods, when actinides
become a more dominant component of the decay heat, assembly decay heat begins to result from
assembly enrichment. This is seen in Figure 42, which plots decay heat vs time for the four burnup-
enrichment combinations evaluated. All decay heats are relatively close at short cooling times, and they
just begin to diverge a month after operations cease.
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Figure 42. Decay heat as a function of cooling time.
7%
6%
2 5%
(]
o
3 4%
S
© 3%
T
g
9 2%
a

1%

0%
1E-10 1E-08 0.000001 0.0001 0.01 1 100 10000
Cooling time (d)

—60 GWd/MTU 5.0 wt% —80 GWd/MTU 8.0 wt%
—60 GWd/MTU 8.0 wt% 80 GWd/MTU 6.5 wt%

Figure 43. Decay heat as a percentage of power vs cooling time.
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Decay heat is shown as the percentage of full operating power in Figure 43. At 0 seconds after shutdown,
decay heat is 6.0 to 6.2% of operating power for all cases. To better capture the relative behaviors of the
decay heat curves, all curves were compared to the reference 60GWd/MTU 5wt% case shown in Figure
44, Percent difference at each time was calculated as

Q(t)

-1, 2

Qre f ) @
where Q(t) is the decay heat as a function of time, and Q¢ (t) is the decay heat for the reference case.
As expected, lower enrichments at the same burnup produced higher decay heats, and higher burnups at
the same enrichment produced higher decay heats. All cases diverged at later time points and followed
smooth trends with the exception of the 8 wt% cases, which showed non-monotonic behavior. In
summary, shortly after reactor shutdown, burnup and enrichment have less influence on decay heat than
operating power. As the short-lived fission products decay away, longer lived fission and activation
products begin to contribute much more to decay heat, and decay heat begins to depend more on burnup
and enrichment. Notably, no single isotope changed decay heat by more than 10% in any comparison
evaluated. Decay heat generally increased at later time points when enrichment decreased or burnup
increased. This is consistent with the behavior of existing nuclear fuel. To understand the long-time
behavior in absolute terms, the absolute kW/MTU from the reference case is shown in Figure 45. The
absolute difference rapidly decreases with time and is less than 2 kW/MTU for times longer than a few
days.
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Figure 44. Decay heat relative difference from 60 GWd/MTU 5 wt% case.
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5.3 DECAY HEAT ISOTOPES RANKED BY RELATIVE CHANGE

Table 8 compares HBU and EE isotopics of various cases. The values are the difference in decay heat for
the isotope expressed as a percentage of total decay heat of the reference case. Relative differences in
decay heat production are color coded, with blue indicating a decreasing decay heat from baseline, and
red indicating an increasing decay heat from baseline. The relative differences are computed as follows:

Qi_Qref,i _ 1 3)
Qref ,

where Q; is the decay heat for isotope i for the HBU or EE case listed in the table heading. The second
case specified in each heading is the reference case and is denoted in the above expression as ref. @y is
the total decay heat for the reference case at the timepoint in question. The expression yields a value
indicating the amount of change introduced by each isotope relative to the total decay heat of the
reference case. The top 15 isotopes are presented according to the RMS ranking introduced in Eq. (1).
The row labeled Subtotal is the total relative change produced by those isotopes, and the row labeled
Total is the total difference for the two cases. Note that shortly after shutdown, many more isotopes than
those listed contribute to decay heat, so the difference caused by the top 15 contributors by RMS ranking
(subtotal) does not coincide with the total. At longer decay times, as short-lived fission products decay
away, fewer isotopes are responsible for the decay heat, so the top 15 isotopes by RMS ranking correctly
account for the majority of differences. For example, at 500 days with increased enrichment only (Table
8, upper left comparison), the difference is driven by six isotopes—lO"Rh, 34Cs, Pr, 2*Cm, ***Cm, and
%Y —and the top 15 isotopes across all times (subtotal) coincide with the total of -10% change.
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Table 8. Contributions of each isotope to total percent change in decay heat

3% enrichment increase
5 wt% (ref) = 8 at 60 GWd/MTU

20 GWd/MTU burnup increase
60 GWd/MTU (ref) = 80 for 8 w%

1.5% enrichment increase
5 wt% at 60 GWd/MTU (ref) = 6.5 at 80

Isotope 0s |30 min |5 days |25 days |500 days [Isotope 0s |30 min |5 days |25 days |500 days
1Rh| -0.1%  -0.3% -1.6% 134Cs| 0.1% 0.3% 1.3% 2.4% 9.7%)
B4Cs|  0.0% -0.1% -0.4% -0.9% 106Rh| 0.1% 0.3% 1.3% 2.4% 6.2%)
ZNp| -0.5%  -1.9% -2.1% 0.0% 0.0% 22Cm| 0.1% 0.3% 1.7% 3.0% 2.5%
“Pr 0.0% 0.1% 0.6% 1.2% 2.0%) 244Cm 0.0% 0.1%  0.3% 0.5% 3.2%)
24Cm|  0.0% 0.0% -0.2% -0.4% -2.1%) 8Py 0.0% 0.0% 0.2% 0.4% 2.4%)
2Cm|  0.0% -02% -0.8% -1.5% -1.1%) 137mBg| 0.0% 0.0% 0.2% 0.3% 1.9%
B5Eyl  -0.1% -03% -1.0% -0.8% 0.0% 0Y 0.0% 0.0% 0.1% 0.3% 1.6%
*Nb) 0.0% 0.1% 0.6% 1.1% 0.1% 156Ey| 0.1% 0.3% 1.1% 0.8% 0.0%
Y] 0.0% 0.1% 0.6% 1.0% 0.0% ZNp 0.2% 0.8%  0.9% 0.0% 0.0%
szi  00% 0.1%  0.6%  0.9% 0.0%) P 0.0%  -0.1% -0.3%  -0.5% G
29Ul -0.6%  -0.9% 0.0% 0.0% 0.0%) *“Nb 0.0% -0.1% -0.4% -0.7% 0.0%
“Lal  0.0% 0.1% 0.8% 0.6% 0.0%) 1Y 0.0% -0.1% -0.4% -0.6% 0.0%)
®Sr  0.0% 0.1% 0.5% 0.8% 0.0%) SZr 0.0% -0.1% -0.4% -0.6% 0.0%
1BRul  0.0% -0.1% -0.5% -0.7% 0.0%) “La) 0.0%  -0.1%  -0.5% -0.4% 0.0%
2Yl  0.0% 0.0% 0.1% 0.1% 0.8%) 89S 0.0% -0.1% -0.3% -0.5% 0.0%)
Subtotal -1.2%| -3.0%| -2.8%| -1.5%| -10.1%|Subtotal 04%| 1.6%| 4.7% 7.0% 26.4%
Total 1.9%| -0.1%| -2.6%| -1.1%| -10.3%]|Total -0.9%| 0.8%| 6.0% 7.9% 28.1%
20 GWd/MTU burnup and 20 GWd/MTU burnup and

3% enrichment increase
5 wt% at 60 GWd/MTU (ref) => 8 at 80

Isotope 0s |30 min |5 days |25 days |500 days |Isotope 0s |30 min |5 days |25 days |500 days
34Cs|  0.1% 0.2% 1.1% 2.1% 7.6%) 134Cs 0.0% 02%  0.8% 1.6% 5.7%
2Cm|  0.0% 0.1% 0.3% 0.5% 2.8% Y 0.0% 0.0% 0.2% 0.4% 2.2%
22Cm|  0.1% 0.2% 1.1% 2.1% 1.5%) 22Cm| 0.0% 02%  0.8% 1.5% 1.1%)
106Rh|  0.0% 0.1% 0.5% 1.0% 2.3% 8Pyl 0.0% 0.0% 0.2% 0.3% 1.7%)
28yl 0.0% 0.0% 0.2% 0.3% 1.9%) 137mBa| 0.0% 0.0% 0.2% 0.3% 1.7%)
Y| 0.0% 0.0% 0.2% 0.3% 1.7%) ZNp| -0.3% -1.1% -12% 0.0% 0.0%
B3mBal  0.0% 0.0% 0.2% 0.3% 1.7% 106Rh) 0.0% -0.1% -0.3% -0.5% -1.2%
6Byl 0.0% 0.2% 0.6% 0.5% 0.0% 144Pr 0.0% 0.1%  0.3% 0.6% 1.1%)
37Cs|  0.0% 0.0% 0.0% 0.1% 0.5%| 24Cm| 0.0% 0.0% 0.1% 0.1% 0.7%
136Cs|  0.0% 0.1% 0.3% 0.2% 0.0% »Ul -03% -0.5%  0.0% 0.0% 0.0%
Byl 0.0% 0.0% 0.0% 0.1% 0.4% 137Cs 0.0% 0.0%  0.0% 0.1% 0.5%|
*Sr|  0.0% 0.0% 0.0% 0.1% 0.4% *Sr 0.0% 0.0%  0.0% 0.1% 0.5%
25Np|  0.1% 0.2% 0.2% 0.0% 0.0% Y 0.0% 0.1%  0.2% 0.4% 0.0%
ZNp|  -0.1% 0.0% 0.0% *Nb 0.0% 0.0%  0.2% 0.4% 0.0%
27 0.0% 0.1% 0.2% 0.1% 0.0% 14y 0.0% 0.0%  0.0% 0.1% 0.4%
Subtotal 03%| 1.1%| 4.8% 7.7% 20.9%\Subtotal -0.5%| -1.0%| 1.6% 5.4% 14.5%
Total 01%| 09%| 4.7% 7.5% 21.4%|Total 1.0%| 0.8%| 3.3% 6.7% 15.0%

Increasing initial enrichment from 5 to 8 wt% at 60 GWd/MTU (Table 8, upper left comparison) leads to
a reduction in the following isotopes: 'Rh, '**Cs, %*’Np, ***Cm, and ***Cm. These isotopes are neutron
absorption products, or they tend to result from **°Pu fission, which is in turn an indirect product of
neutron absorption. 'Rh has a %*’Pu cumulative fission yield of 4.1E-2. This is an order of magnitude
larger than its *°U yield of 4.1E-3, according to the Joint Evaluated Fission and Fusion File (JEFF) 3.3,
as accessed through the International Atomic Energy Agency (IAEA) Live Chart of Nuclides. Note that
13Cs has a small cumulative fission yield, so it tends to result from neutron activation of '**Cs.

'44pr is generally a high-ranking decay heat contributor, behaving opposite of many of the other isotopes
in the comparison charts. '*Pr increases in abundance compared to the 60 GWd/MTU 5 wt% reference. It
is the short-lived (T1,=17 min) progeny of "““Ce (T1,=284 d). Together, '**Ce and '*Pr are both progeny
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of "La. "La and its parents in the 144 amu beta decay series all have half-lives on the order of tens of
seconds or less. '*‘La has a %*’Pu cumulative fission yield of 3.59% and a ***U cumulative fission yield of
5.44%. "“*Pr cumulative fission yields are close to the '**La values, with a 2**Pu fission yield of 3.75% and
a U fission yield of 5.47%. This indicates '*‘La abundance in-core and generally reflects when the '*Pr
is produced. The plot of the '**La abundance shown in Figure 46 reflects the observations above: '**Pr
tracks with its parent '*‘Ce, and '**La decreases as the proportion of the power produced by **°U

decreases.
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Figure 46. In-core abundances of 1*‘Pr beta chain isotopes for 5 wt% initial enrichment.
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Increasing burnup from the 60 GWd/MTU 8 wt% case to the 80 GWd/MTU 8 wt% case is shown in the
upper right portion of the table. Here, both fission products and products of neutron absorption increase.
The largest relative increases include isotopes created through neutron absorption: **Cm, and ***Cm, or
isotopes with 2*’Pu cumulative fission yields that vastly exceed their **°U yields. Notably, however, 2**Np
is affected less by the burnup increase than the enrichment increase discussed in the preceding paragraph.
Increases in fission product decay heats are also notable with the burnup increase, specifically Y and
13"mBa. The activity of *"™Ba is typically proportional to burnup.

Increasing both enrichment and burnup from the 60 GWd/MTU 5 wt% case to the 80 GWd/MTU 8 wt%

case is shown in the lower right portion of Table 8. Almost all isotopes increase in abundance when both

the enrichment and burnup are increased, with the exception of **’Np and '*Rh. The decay heat produced
by fission products *’Y and *""Ba increases .

Increasing burnup and enrichment from the 60 GWd/MTU 5 wt% case to the 80 GWd/MTU 6.5 wt% case
is shown in the lower left portion of Table 8. The top 5 isotopes that contribute the most to the absolute
change in decay heat are all neutron absorption products or are preferentially produced by **°Pu fission.

Table 9 shows the isotopes with the largest relative changes for the same cases as Table 8. Notably, decay

heats for the isotopes are much higher shortly after discharge, but shortly after discharge, each isotope
contributes much less to decay heat.
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Table 9. Absolute changes in isotopic decay heat

3% enrichment increase 20 GWd/MTU burnup increase
5 wt% (ref) = 8 at 60 GWd/MTU 60 GWd/MTU (ref) = 80 for 8 w%
Total decay heat (kW/MTU) Total decay heat (kW/MTU)
Enrichment 0s 30 min |S days |25 days |S00 days |Burnup 0s 30 min |5 days |25 days |S00 days
5wt%| 2428 657 136 69 12] 60 GWd/MTIHM| 2474 656 132 68 11
8 wt%| 2474 656 132 68 11] 80 GWd/MTIHM| 2451 662| 140 73 14
Difference in decay heat (kW/MTU) Difference in decay heat (kW/MTU)
Isotope 0s |30 min |5 days |25 days |500 days |Isotope |0 s |30 min |5 days |25 days |500 days
106Rh 2.6 2.1 -2.1 -2.0 -0.84 B4Cs| 1.7 1.7 1.7 1.7 1.08
B4Cs| -0.6 0.6 -0.6 -0.6 -0.38 16Rhf 1.9 1.7 1.7 1.7 0.69
ZNpf =122 =122 -2.8 0.0 0.00 22Cm| 2.3 2.3 22 2.1 0.27
“Pr 0.8 0.8 0.8 0.8 0.25 24Cm| 04 0.4 0.4 0.4 0.35
24Cm| -0.3 -03  -03 -0.3 -0.26 28pyl 0.3 0.3 0.3 0.3 0.26
22Cm| -1.1 1.1 -1 -1.0 -0.13 37mBal (.2 0.2 0.2 0.2 0.21
S6Eu| -1.7 -1.7 -14 -0.5 0.00 Yl 0.2 0.2 0.2 0.2 0.18
“Nb| 0.8 0.8 0.8 0.7 0.01 1Euyl 1.8 1.8 1.4 0.6 0.00
Y| 0.9 0.9 0.9 0.7 0.00 ZNpf 5.0 5.0 1.2 0.0 0.00
*Zrl 0.8 0.8 0.8 0.6 0.00 4P -04 -04 -04 -0.4 -0.11
i ) -5.8 0.0 0.0 0.00 “Nb| -0.5 -05 -05 -0.5 0.00
®Sr| 1.0 1.0 1.1 0.4 0.00 Yl -06 -0.6 -0.5 -0.4 0.00
1%Rul 0.8 0.8 0.7 0.6 0.00 *Zry -05 -05 -05 -0.4 0.00
Y| -08 -08 -0.7 -0.5 0.00 “La -04 -04 -07 -0.3 0.00
1Tel 0.1 0.1 0.1 0.1 0.10 ®S1 05 05 -04 -0.3 0.00
Subtotal| -28.1) -19.4] -3.8 -1.1 -1.25 Subtotall 10.9| 10.7) 6.3 4.8 2.92
Total 46.00 -0.5| -3.5 -0.8 -1.27 Total -23.0 55 79 5.4 3.11
20 GWd/MTU burnup and 20 GWd/MTU burnup and
1.5% enrichment increase 3% enrichment increase
5 wt% at 60 GWd/MTU (ref) = 6.5 at 80 5 wt% at 60 GWd/MTU (ref) => 8 at 80

Total decay heat (kW/MTU) Total decay heat (kW/MTU)

Burnup 0s 30 min |S days |25 days |S00 days |Burnup 0s 30 min |5 days |25 days |S00 days
60 GWd/MTIHM| 2428 657 136 69 12] 60 GWd/MTIHM| 2428 657 136 69 12
80 GWd/MTIHM| 2430 663 142 74 15| 80 GWd/MTIHM| 2451 662 140 73 14

Difference in decay heat (kW/MTU) Difference in decay heat (kW/MTU)

Isotope 0s |30 min |5 days |25 days |500 days |Isotope |0 s |30 min |5 days |25 days |500 days

134Cs 1.5 1.5 1.5 1.5 0.94 B4Cs| 1.1 1.1 1.1 1.1 0.70
24Cm| 04 0.4 0.4 0.4 0.34 Yl 03 0.3 0.3 0.3 0.28
#2Cm| 1.6 1.6 1.6 1.4 0.19 22Cm| 1.2 1.2 1.1 1.0 0.14

16Rh| 0.7 0.7 0.7 0.7 0.29 Z8py 0.2 0.2 0.2 0.2 0.21

Z8pyl 0.2 0.2 0.2 0.2 0.24 37mBal (.2 0.2 0.2 0.2 0.21

Y| 0.2 0.2 0.2 0.2 0.21 2Np| 7.3 73 -17 0.0 0.00
137mBal 0.2 0.2 0.2 0.2 0.21 6Rh -0.7 -04 -04 -0.4 -0.15

6By 1.1 1.1 0.9 0.3 0.00 “Pr 0.5 0.5 0.5 0.4 0.14

¥1Cs| 0.1 0.1 0.1 0.1 0.06 24Cm| 0.1 0.1 0.1 0.1 0.09

36Cs| 0.6 0.6 0.4 0.1 0.00 2y 83 -34 0.0 0.0 0.00

4Eul 0.1 0.1 0.1 0.1 0.05 B1Cs| 0.1 0.1 0.1 0.1 0.06

*Sr| 0.0 0.0 0.0 0.0 0.04 %S 0.1 0.1 0.1 0.1 0.06

25Np 1.5 1.5 0.3 0.0 0.00 Yl 03 0.3 0.3 0.3 0.00

29Np| -1.3 -1.3 -03 0.0 0.00 “Nb| 0.3 0.3 0.3 0.3 0.00
»7g] 0.5 0.5 0.3 0.0 0.00 Eul 0.1 0.1 0.1 0.1 0.05
Subtotal] 7.2 73 6.5 5.3 2.58 Subtotal) -11.9] -6.7] 2.2 3.7 1.79
Total 2.0 59, 64 5.2 2.63 Total 23.0 5.0, 44 4.6 1.84
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5.4 ISOTOPES RELEVANT TO ACTIVITY

For the four cases studied, total activity per MTU is plotted in Figure 47. Again, all four cases have
similar values that begin to diverge as cooling time increases.
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Figure 47. Activity as a function of cooling time.

Figure 48 compares the activities of three of the four cases’ to that of the 60 GWd/MTU 5wt% case as a
percentage. Percent difference at each time was calculated as

A

-1 (4)
Ago GWd/MTU sw%

where 4 is total activity, and Ao gwa/mru swo 18 the activity of the baseline case. The figure shows that
total activities diverge after approximately 25 days of cooling. Again, there is an inflection point in the

8 wt% cases at approximately 10 days of cooling. When comparing activities in Figure 48 and decay
heats in Figure 44, it is notable that changes in enrichment have a more muted effect on activity than they
do on decay heat, so total activity is dominated more by burnup than decay heat.
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Figure 48. Activity relative to 60 GWd/MTU 5 wt% case.

A procedure similar to that used for decay heat was performed to find isotopes with large changes in
activity for extended enrichment and burnup.

Table 10 shows differences in activity as a percentage of total activity. Values are differences shown as a
percentage of the total activity of the second case listed in each comparison. The relative differences are
computed as

Ai_Ai,ref _ 1

; 5
Ares )

where is A; is activity for isotope i for the first case listed in the figure heading. A, is the total activity
for the reference case.

Many of the same trends observed for decay heat in Table 8 and Table 9 are observed for activity in Table
10 and Table 11. Most isotopes appearing in the activity tables that were not in the decay heat tables
likely result from lower energy decays, some of which are isotopes in equilibrium with others in the decay
heat ranking list that produce higher energy decays. Fission products appearing in Table 10 that did not
influence decay heat (see Table 8) include *°Sr, '*Ru, '**Ce, '®™Rh, '*Ru, *’Cs, '“Ru, and '*’Pm. **'Pu
also appears on the activity list but not the decay heat ranking. It has one of the larger changes in ranking
between decay heat rankings and activity rankings. Isotopes producing more kinetic energy per decay are
pushed lower in the list ranked by activity compared with the list ranked by decay heat, and they are often
pushed off the list. These isotopes principally include ***Cm, ***Cm, and >**Pu.

As with the decay heat, the activity is distributed across a larger number of isotopes at short cooling times
and fewer isotopes at long cooling times. Like decay heat, the number of short-lived isotopes is so large
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that it exceeds the length of the list, but all the isotopes at short cooling times make a small contribution
to change in total activity. Longer activity lists are presented in the appendix, and they explicitly show

activities for isotopes contributing more than 0.1% of the total calculated activity. At longer cooling

times, fewer isotopes are decaying, so the total change in activity from the isotopes that are shown more
closely matches the total calculated change in activity. No single isotope changes total activity by more

than 5% in any of the comparisons.

Table 10. Differences in isotopic activity differences shown as a percentage of the total activity

3% enrichment increase

5 wt% (ref) = 8 at 60 GWd/MTU

20 GWd/MTU burnup increase
60 GWd/MTU (ref) = 80 for 8 w%

1.5% enrichment increase

5 wt% at 60 GWd/MTU (ref) = 6.5 at 80

5 wt% at 60 GWd/MTU (ref) => 8 at 80

Isotope 0s 30 min |5 days |25 days |500 days |Isotope |0 s |30 min |5 days |25 days |500 days
2Np -2.1%H 0.0% 0.0%, 34Cs|  0.1%  02% 0.5% 1.0% 3.9%
16Rh| -0.1% -02% -0.7%  -1.3% 1%Rhl  0.1% 02% 0.6% 1.1% 2.6%
106Rul -0.1% -02% -0.7%  -1.3% 1Ryl  0.1%  0.2% 0.6% 1.1% 2.6%
Ul 21% -18%  0.0% 0.0% 0.0%, ZNp|  0.9% 1.8% 1.5% 0.0% 0.0%
“4Cel 0.0% 0.1%  0.3% 0.7% 1.2%) B1Cs|  0.0%  0.1% 0.2% 0.4% 2.1%
“Pr 0.0% 0.1% 0.3% 0.7% 1.2%) ¥mBal  0.0%  0.0% 0.2% 0.3% 2.0%
Yl 0.1%  02%  0.7% 1.2% 0.0% 2Pyl 0.0% 0.0% 0.2% 0.3% 1.8%
34Cs|  0.0% -0.1% -02%  -0.4% -1.3% Y| 0.0% 0.0% 0.1% 0.2% 1.2%
®Sr 0.1% 02%  0.6% 1.0% 0.0%] *Sr 0.0%  0.0% 0.1% 0.2% 1.2%|
%Ryl -0.1% -02% -0.6%  -0.9% 0.0%, Ul 09%  0.8% 0.0% 0.0% 0.0%
“Pm| 0.0% 0.0% 0.1% 0.3% 1.1% Yl -0.1% -0.1% -0.5% 0.0%
13mRh|  -0.1% -02% -0.6%  -0.9% 0.0%] ®Sr -0.1% -0.1% -0.4% 0.0%
“Nb| 0.1% 0.1% 0.5% 1.0% 0.1%] “Nb| 0.0% -0.1% -0.3% 0.0%
%7Zr 0.1%  0.1%  0.5% 0.8% 0.0%] %Ryl  0.1% 0.1% 0.4% 0.6% 0.0%
*Sr  0.0%  0.0%  0.1% 0.1% 0.6% 13mRh|  0.1%  0.1%  0.4% 0.6% 0.0%
Subtotal -4.2%| -6.0%| -3.1% 0.8% -3.2%)|Subtotal 2.1%| 32% 3.5% 3.8% 17.3%
Total -3.3%| -5.2%)| -2.8%| 1.2% -3.3%|Total 2.0%| 3.5%)| 4.0%| 3.3% 17.5%
20 GWd/MTU burnup and 20 GWd/MTU burnup and

3% enrichment increase

Isotope |0 s |30 min |5 days |25 days |500 days |Isotope 0s |30 min |5 days |25 days |500 days
34Cs|  0.1%  0.1%  0.4% 0.9% 3.3% 2Np| -1.3%  2.6% -2.1% 0.0% 0.0%
¥Cs|  0.0%  0.0% 0.2% 0.4% 2.0% B4Cs|  0.0%  0.1% 0.3% 0.7% 2.4%
BmBal  0.0%  0.0% 02% 0.3% 1.9%) ¥Cs|  0.0%  0.1% 0.2% 0.4% 2.0%
*Srl  0.0%  0.0% 0.1% 0.3% 1.4% ¥mBal  0.0%  0.0% 0.2% 0.4% 1.9%
Y| 0.0% 0.0% 0.1% 0.3% 1.4% *Sr|  0.0% 0.0% 02% 0.3% 1.8%
2Pyl 0.0%  0.0% 0.1% 0.2% 1.3% Y|  0.0% 0.0% 0.2% 0.3% 1.8%|
Ry 0.0% 0.1% 0.2% 0.5% 1.1% Ul -1.3% -1.1% 0.0% 0.0% 0.0%
6Rh  0.0%  0.1%  0.2% 0.5% 1.1% 2Pyl 0.0%  0.0% 0.1% 0.3% 1.5%
>Np| -0.2%IE0BIE0ER  0.0% 0.0% wPm|  0.0%  0.0% 0.1%  02% 0.9%
2yl 0.1%  02%  0.5% 0.1% 0.0%) WCel 0.0% 0.1% 0.2% 0.4% 0.7%
#Cm|  0.0% 0.0%  0.0% 0.1% 0.3% “Pr 0.0% 0.1% 0.2% 0.4% 0.7%
Eul  0.0% 0.1% 0.3% 0.2% 0.0%) 2yl 01%  03%  0.6% 0.2% 0.0%
“Pm| 0.0% 0.0%  0.0% 0.1% 0.3% 6Rh  0.0%  0.0% -0.1%  -0.2% -0.6%
28Np|  0.1% 03% 02% 0.0% 0.0% Ry 0.0% 0.0% -0.1%  -0.2% -0.6%
22Cm|  0.0%  0.0%  0.1% 0.2% 0.2% Y] 0.0%  0.1%  0.3% 0.4% 0.0%
Subtotal 0.3%| 0.6% 2.3% 4.0% 14.2%|Subtotal -2.2%| -2.9% 0.1% 3.4% 12.6%
Total 0.4%| 0.8%| 2.4%| 4.0% 15.1%|Total -1.3%)| -1.8%| 1.0%| 4.6% 13.6%
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Table 11. Absolute cha

nges in isotopic activity

3% enrichment increase 20 GWd/MTU burnup increase
5 wt% (ref) = 8 at 60 GWd/MTU 60 GWd/MTU (ref) = 80 for 8 w%
Total activity (kC/MTU Total activity (kCi/MTU)
Enrichment 0s 30 min |S days 25 days |S00 days |Burnup 0s 30 min |S days 25 days [S00 days
5 w%| 240300[117700] 33110] 15910 2830] 60 GWd/MTIHM|232500|111600] 32170 16100 2736
8 w%| 232500[111600] 32170] 16100 2736] 80 GWd/MTIHM|237200] 115600] 33460] 16640 3214
Difference in activity (kCi/MTU) Difference in activity (kCi/MTU)
Isotope 0s 30 min |5 days |25 days |500 days [Isotope 0s |30 min |5 days |25 days |500 days
2Np -1179 -3 0 134Cs 168 168 167 164 106
195Rh) -267 221 =219 211 -87 105Rh 198 181 180 173 71
106R Y| -221 221 =219 -211 -87, 1065Ru 181 181 180 173 71
2] -2119 0 0 0 2Np[ 2080 2060 480 1 0
14Ce 116 116 114 109 34 137Cs 58 58 59 58 57
144Py] 113 114 114 109 34 137mBg 56 55 55 55 54
1Y 250 250 238 187 1 241py| 53 53 53 53 50
134Cs -59 -59  -59 -58 -37 oY 35 35 34 33 32
S| 223 223 209 158 0 %Sr 33 33 33 33 32
153Ry| -227  -226  -208  -146 0 2U[2090 861 0 0 0
47Pm)| 44 44 44 43 31 Y| -156 -156 -148  -117 0
103mRh =224 224 2205 -144 0 ®Sr|  -138  -138 -129 -98 0
>Nb 160 160 160 153 2 “Nb| -103 -103 -103 -99 -1
71| 161 161 153 124 1 1%Ru 140 139 128 90 0
S| 18 18 18 18 18 103mRh 138 138 127 89 0
Subtotal] -10153] -7064] -1039 129 -91 Subtotal| 4834 3567| 1115 610, 472
Total  -7800] -6100] -940 190 -94) Total 4700 4000/ 1290 540 478
20 GWd/MTU burnup and 20 GWd/MTU burnup and
1.5% enrichment increase 3% enrichment increase
5 wt% at 60 GWd/MTU (ref) = 6.5 at 80 5 wt% at 60 GWd/MTU (ref) = 8 at 80
Total activity (kC/MTU Total activity (kCi/MTU)

Burnup 0s 30 min |S days 25 days |S00 days |[Burnup 0s 30 min |5 days |25 days [S00 days
60 GWd/MTIHM| 240300/ 117700] 33110] 15910 2830] 60 GWd/MTIHM| 240300 117700 33110] 15910 2830
80 GWd/MTIHM| 241300]118600] 33910] 16550 3256] 80 GWd/MTIHM| 237200| 115600| 33460] 16640 3214

Difference in activity (kCi/MTU) Difference in activity (kCi/MTU)

Isotope |0 s |30 min |5 days |25 days |500 days [Isotope 0s |30 min |5 days |25 days |500 days

134Cs| 146 146 146 143 92 ZNp| -3020 -3020 -699 -2 0
37Cs 59 59 59 59 57 134Cs 109 109 108 106 69
137mBg 56 56 56 56 54 137Cs 59 59 59 59 57
S| 40 40 40 40 39 137mBg 56 56 56 56 54
Y 41 41 40 40 39 %Sr 52 52 52 52 50
241Py| 39 39 39 39 36 Y 52 52 52 52 50
105Ru| 76 76 75 73 30 29U 3050 -1258 0 0 0
106Rh) 71 76 75 73 30 241py| 45 45 45 45 43
2Np -550  -550 -128 0 0 “7Pm 37 37 37 36 26
21| 270 270 162 21 0 144Ce 65 65 64 60 19
24Cm| 10 10 10 10 10 144Pr 63 64 64 61 19
156Eu 108 108 86 34 0 21y 319 318 191 24 0
47Pm)| 13 13 13 13 9 195Rh -68 -40 -39 -38 -16
28Np 300 299 59 0 0 1065Ru -40 -40 -39 -38 -16
22Cm| 43 43 42 39 5 Y 94 94 90 70 0
Subtotal 722 725 773 637 401 Subtotal| -5228] -3407| 39 543 355
Total  1000]  900] 800 640 426 Total| -3100] -2100] 350 730 384
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Table 11 shows absolute differences in activity for isotopes ranking highest in change vs total activity.
Once again, 2*’Np dominates, and changes are larger at shorter cooling times than at longer cooling times.
However, as seen in the case of decay heat, changes at shorter cooling times are proportionally smaller.
Changes at shorter cooling times also depend more on specific power than burnup or initial enrichment,
except for 2Np.

5.5 ISOTOPES RELEVANT TO ACCIDENT RELEASE SOURCE TERM

In addition to isotopes that contribute to large changes in activity, some may also be important to the
release source term. To screen for these, the list of elements in Regulatory Guide 1.183, Alternative
Radiological Source Terms for Evaluating Design Basis Accidents at Nuclear Power Reactors, lists these
elements that must be considered when considering the alternative release source terms provided in Table
5 of that document [7]:

Noble gases: Xe, Kr

Halogens: I, Br

Alkali metals: Cs, Rb

Tellurium group: Te, Sb, Se, Ba, Sr

Noble metals: Ru, Rh, Pd, Mo, Tc, Co

Lanthanides: La, Zr, Nd, Eu, Nb, Pm, Pr, Sm, Y, Cm, Am
Cerium: Ce, Pu, Np

Most of these isotopes’ relative contributions to activity are listed in the appendix to this document. Every
isotope of these elements included in SCALE was modeled, but only those creating more than a 0.1% of
total activity at any evaluated timepoint are listed. Comparisons showing the effects of increases in
burnup and enrichment for a selection of isotopes are shown in Table 12. Percent changes are shown
compared to the isotope activity, 4;», in the reference case for each comparison in the table heading.

E — 1. (6)

)
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Table 12. Change in activity of selected “accident release” isotopes

3% enrichment increase 20 GWd/MTU burnup increase
5 wt% (ref) = 8 at 60 GWd/MTU 60 GWd/MTU (ref) = 80 for 8 w%
Isotope |0s 30 min _|Sdays [25days |500 days |Isotope |0 s 30 min |Sdays |25 days |500 days
B1Cs|  0.37%| 0.37%| 0.37%|  0.37% 0.38% 37Cs| 31.02%| 31.02%| 31.03%| 30.97%|  30.96%
B -2.24%| -2.24%| -2.47%| -2.54% -2.53%) B 1.05%|  1.04%| 1.17%) 1.16% 1.20%
B 1.40%|  1.41%]  1.46%) 1.46% 3] -1.08%| -1.08%| -1.09%| -1.11%
BSI 0.61%]  0.62%|  0.58%) 351 -0.57%| -0.57%| -0.53%)
BKr| 12.52%| 12.52%)| 12.50%| 12.52% 12.53% BKr| 20.54%| 20.54%)| 20.56%| 20.54%|  20.54%
Sr| 14.35%| 14.35%| 14.28%| 14.32% 14.36% *Sr|  23.03%| 23.03%| 23.05%| 23.07%| 23.01%
20 GWd/MTU burnup and 20 GWd/MTU burnup and
1.5% enrichment increase 3% enrichment increase
5 wt% at 60 GWd/MTU (ref) => 6.5 at 80 5 wt% at 60 GWd/MTU (ref) => 8 at 80
Isotope |0s 30 min |Sdays |25 days |500 days |Isotope |0 s 30 min |Sdays |25 days |500 days
31Cs| 31.22%| 31.22%| 31.24%| 31.22%|  31.22% 37Cs| 31.50%| 31.50%]| 31.52%| 31.45%| 31.46%
B -0.23%| -0.23%| -0.23%| -0.28% -0.25% By -1.21%| -1.22%| -1.33%| -1.41% -1.36%
331 -0.36%| -0.42%| -0.39%| -0.39% 331 031%|  0.31%|  0.36%|  0.34%
351 -0.29%| -0.27%| -0.27%) 351 0.03%|  0.05%| 0.05%)
#Kr| 27.80%| 27.80%| 27.80%| 27.80%|  27.79% Kr| 35.63%| 35.63%| 35.63%| 35.64%|  35.64%
*Sr| 31.54%| 31.54%| 31.58%| 31.54%| 31.56% *Sr|  40.68%| 40.68%| 40.62%| 40.69%|  40.67%)

5.6 ISOTOPES RELEVANT TO RADIATION SHIELDING SOURCE TERM

Changes in the isotopes important to cask shielding in NUREG 6700 [8] are evaluated in this section,
with the notable exception of “’Co, which is an assembly hardware activation product. Activation
products are dependent on the assembly hardware metal and its impurities, which can vary from batch to
batch of metal depending on the source ore body. Assembly hardware is typically more proprietary than
lattice designs, and it is not examined in this report. This list of isotopes is developed for longer time
frames, such as 5 years. Given that relative contributions of short-lived isotopes are mostly dependent on
operating power, this should be reasonable. Note that these are simply common isotopes for cask
shielding, and other isotopes may be dominant depending on the application. Table 13 presents the
percent each isotope increases or decreases in activity on an isotope basis. The relative difference for each
isotope’s activity is computed as

A .

=11, 7

Aj

)

The largest relative changes are for actinides and isotopes such as '°Rh. Aside from the Cm isotopes
(addressed in the next section), given that there are no changes exceeding 100%, the existing methods for

shielding should remain suitable.
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The Cm isotopes in Table 13 have large changes when burnup or enrichment change. This is largely due
to the isotopes requiring numerous neutrons to be produced, and the fact that ***Cm is fissile, resulting in
few higher actinides being produced. If probability for each neutron absorption were equal and parent
nuclides did not saturate, then ***Cm abundance would scale with burnup to the eighth power because it
requires 8 neutrons to produce. Several isotopes on the activation chain leading to ***Cm and **Cm are
shown in Figure 49, along with 2°U. It is clearly observable that as the mass number increases, the
upward slope on the semi-log plot increases, with ***Cm being the most sensitive to burnup and
enrichment. Thus, it is unsurprising that such large changes are observed in the Cm isotopes. Also note
that the net change from a combined 602% increase and a 81% decrease is indeed a net 32% increase, so
the results for **Cm in the upper half of the table combine to give the result in the lower righthand
quadrant. This is consistent with the generally observed behavior of burnup and enrichment effects
canceling each other.

Table 13. Change in activity of shielding isotopes

3% enrichment increase 20 GWd/MTU burnup increase
5 wt% (ref) = 8 at 60 GWd/MTU 60 GWd/MTU (ref) = 80 for 8 w%
Isotope |0s 30 min |Sdays |25 days [S00 days |Isotope |0s 30 min |S days |25 days |[500 days

2Am| 15.5%|  15.5%| 15.1%| 13.8% 3.1%|  *Am| 34.8%| 34.8%| 34.6%| 34.0% 28.1%
137mBa| 0.3% 0.4% 0.4% 0.4% 03%| “™Ba] 31.0%| 31.0%| 31.0%| 31.0% 31.0%
*Cm
*Cm
B4Cs| -16.4%| -16.4%| -16.4%| -16.4% -16.4% Cs|  55.7%| 55.7%| 55.7%| 55.6% 55.7%
Bul  -1.8%| -1.8%| -1.8%| -1.8% -1.8% "Eu|  43.5%| 43.5%| 43.5%| 43.5% 43.5%
'“4Pr 7.9% 8.0% 8.1% 8.1% 8.1% “Prl  -32%|  -32%| -33%| -3.3% -3.3%
8Py -13.7%| -13.7%| -13.7%| -13.8% -14.4% 8Py
2Pyl 21.6%| 21.6%| 21.2%| 21.0% 21.0%) PPyl -0.9%|] -0.9%| -0.8%| -0.8% -0.8%
2Py]  -13.5%| -13.5%| -13.5%| -13.5% -13.6% 2Pyl 24.8%| 24.8%| 24.9%| 24.9% 25.1%
2Py
'106Rh| -28.5%| -26.3%| -26.3%| -26.3% -26.3% 106Rh|  29.7%|  29.2%| 29.2%| 29.2% 29.2%
Y| 12.79%|  12.7%| 13.8%| 14.3% 14.2% Y| 23.8%| 23.8%| 23.3%| 23.1% 23.1%

20 GWd/MTU burnup and 20 GWd/MTU burnup and
1.5% enrichment increase 3% enrichment increase
5 wt% at 60 GWd/MTU (ref) => 6.5 at 80 5 wt% at 60 GWd/MTU (ref) => 8 at 80
Isotope |0s 30 min |5 days |25 days [S500 days |Isotope |0s 30 min |S days |25 days |[500 days

2Am| 35.5%| 35.5%| 35.2%| 33.8% 23.2%| *"Am| 55.6%| 55.6%| 55.0%| 52.4% 32.1%
BmBal  31.1%|  31.2%| 31.3%| 31.2% 31.2%| “™Ba] 31.4%| 31.5%| 31.5%| 31.5% 31.5%
24Cm 24Cm|  21.4%| 21.4%| 21.5%| 21.5% 21.5%
24Cm| 2Cm|  32.0%| 32.0%| 32.0%| 32.0% 32.0%
B4Cs|  40.6%| 40.6%| 40.6%| 40.6% 40.6% B4Cs|  30.2%|  30.2%| 30.1%| 30.1% 30.1%
“Eul  36.9%| 36.9%| 36.9%| 36.9% 36.9% "Eu|  40.9%| 40.9%| 40.8%| 40.9% 40.9%
'“4Pr 0.3% 0.3% 0.4% 0.4% 0.4%, '“4Pr 4.4% 4.5% 4.5% 4.5% 4.5%
28Pul  T4.7%|  T74.7%|  T4.5%|  T4.3% 72.7%) 2Pyl 67.4%| 67.4%| 67.2%| 66.9% 65.1%
Py 8.5% 8.4% 8.3% 8.3% 8.3% 2Pyl 20.5%|  20.5%| 20.2%| 20.0% 20.0%|
2Pyl 11.9%| 11.9%| 11.9%| 11.9% 12.1%) 24Py 8.0% 8.0% 8.0% 8.0% 8.1%
2Pyl 32.6%| 32.6%| 32.6%| 32.6% 32.6% Py 5.6% 5.6% 5.6% 5.6% 5.6%
'%Rh| 7.5% 9.0% 9.0% 9.0% 9.0%) 106Rh|  -7.3%| -4.7%| -47%| -4.7% -4.7%
Y| 31.4%| 31.3%| 31.4%| 31.5% 31.5% Y| 39.5%|  39.5%| 40.3%| 40.6% 40.6%
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Figure 49. In-core abundances for isotopes in the activation chain for >*Cm and 2**Cm.

Neutron emitters are important in cask shielding applications, and the appearance of additional
spontaneous fission neutron emitters could carry implications for shielding analyses. In the cases
evaluated, spontaneous fission neutron emitters such as ***Cm produced about 50 times more neutrons
that a,n sources. To verify that no additional spontaneous fission source appeared from the set of isotopes
that SCALE computes, the difference in spontaneous fission source intensity between the 80 GWd/MTU
8 wt% case and the 60 GWd/MTU 5 wt% case is evaluated in Table 14. These differences were then
taken as a percentage of the total spontaneous fission neutron production listed in the 60 GWd/MTU 5
wt% case for the depletion time and are listed in Table 14. It is clearly seen that ***Cm is the main isotope
that changes the spontaneous neutron emission source substantially for the timescales in question.
Isotopes with relative differences under 0.01% are not listed. Despite the 32% increase in ***Cm
composition in the 80 GWd/MTU 8 wt% case over the reference 60 GWd/MTU 5 wt% case seen in Table
13, this isotope should not substantially affect the neutron dose. Furthermore, no other new spontaneous
fission isotopes become prominent. ***Cm and ***Cm increase in activity, and few actinides heavier than
#*Cm are produced because ***Cm has a high neutron-induced fission probability.
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Table 14. Relative difference in SF neutron emission on total SF neutron emission
basis for time point 80 GWd/MTU 8wt% vs 60 GWd/MTU 5w%

20 GWd/MTU burnup and
3% enrichment increase
5 wt% at 60 GWd/MTU (ref) > 8 at 80
0s 30 min 5 days 25 days 500 days
*4Cm 15.12% 15.12% 15.18% 15.52% 20.03%
*2Cm 7.68% 7.68% 7.58% 7.14% 1.29%
2Cf 0.65% 0.65% 0.65% 0.66% 0.63%
*Cm 0.21% 0.21% 0.21% 0.22% 0.29%
>5Pu 0.04% 0.04% 0.04% 0.04% 0.06%
*Pu 0.01% 0.01% 0.01% 0.01% 0.01%
oCt 0.01% 0.01% 0.01% 0.01% 0.01%
=4CE 0.01% 0.01% 0.01% 0.01% 0.00%,

5.7 ISOTOPES FOR CRITICALITY

The top 10 actinide and the top 10 fission product isotopes for criticality 5 years after discharge as listed
in NUREG/CR 6700 [8] were used to examine criticality. These are similar to the results shown in
Section 3.3. However, the Section 3.3 list includes **Xe. Due to its short half-life, it was not included in
NUREG/CR-6700.

Table 15 shows relative differences between isotope masses for each pair of cases on a total mass basis.
The relative differences are computed as

lM i,ref _ 1 (8)
ref

In Table 15 and Table 16, the uranium isotopes and **°Pu have the largest mass changes. The uranium
isotopes are not color coded by value because their relative changes are so large that they eclipse all other
changes. In the case of enrichment change, the **’Pu concentration changes little because it has reached
saturation, so its fission rate is approximately equal to its creation rate. In the upper right portion of Table
15, #°Pu actually decreases slightly because its fission rate increases as the **°U is burned out.
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Table 15. Relative mass difference for criticality isotopes as ppm of total UO2 mass
for separate enrichment or burnup increases

(Isotopes are color-coded yellow for transuranic actinides, gray for uranium isotopes,
green for ordinary fission products, and black for fission product neutron poisons.)

3% enrichment increase 20 GWd/MTU burnup increase
5 wt% (ref) = 8 at 60 GWd/MTU 60 GWd/MTU (ref) = 80 for 8 w%
Isotope |0 s 30 min |5 days 25 days  [S00 days  [|Isotope |0s 30 min _|Sdays |25 days |S00 days

243Am| -120 -120 -120 -120 -120 243Am 140 140 140 140 140
Z7Np 110 110, 110 110 110 ZNp) 320 320 320 330 330
3Pyl 1400 1400 1300 1300 1300, 9Pyl -68 -69) -63 -60) -61
240py| -360 -360 -360 -370 -370 240Py| 580 580 580 580 590
241Py| -69) -69 -68 -68 -63 241Py| 450 450 450 450 420
epal 0] TAR0] A0 TR0 AP0 Pul  480] 480 480[ 480 480
Ay 180 180 180 180 180 Ay -71 -71 -71 -71 -67

235U 235U

236U 236U

238U 238U
uCs 96 95 95 96 9]  ™Cs| 430 4300 430 430 430
1SEy -1 1) 112 1) -12]  'PEu 55 55 55 55 55
sGd|  0.077] 0077 0.073]  0.055 -033]  '=Gd 0.086] 0.086 0.099 0.15 13
“Nd 260 260 260 260 260  oNd| 220 2200 220 220 220
“sNd 88 88 89 89 89]  “sNd| 260 2600 260 260 260
19Rh 9.0 9.0 8.5 6.9 28] ™Rn 130 130 130 130 130
“1Sm| 27 27 27 27 39 #Sm 31 31 31 31 29
1.9 1.9 1.8 1.8 1.8 49 -0.60 -0.60 -0.54 -0.52 -0.52
15‘Sm| 6.5 6.5 6.5 6.5 6.4 151Sm 1.1 1.2 1.2 1.2 1.2
152Sm| 1.1 1.1 1.1 1.1 1.1 152Sm 22 22| 22 22 22
*T¢ 61 61 60 61 61 *Tc 320 320 320 320 320
131X e 58 58 58 58 58 131X e 95 95 95 95 95
0.11 0.1 13E-05 2.1E-21 Ol 004 -0.039 -6E-06] -9E-22 0
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Table 16. Mass difference for criticality isotopes as ppm of total UO: mass
for simultaneously increasing burnup and enrichment

(Isotopes are color-coded yellow for transuranic actinides, grey for uranium isotopes,
green for ordinary fission products, and black for fission product neutron poisons.)

20 GWd/MTU burnup and 20 GWd/MTU burnup and
1.5% enrichment increase 3% enrichment increase
5 wt% at 60 GWd/MTU (ref) => 6.5 at 80 5 wt% at 60 GWd/MTU (ref) => 8 at 80
Isotope |0 s 30 min |5 days 25 days  |S00 days  [|Isotope [0s 30 min _|Sdays 25 days |500 days
23 Am| 110 110 110 110 110  **Am 26 26 26 26 26
2Np 340 340 340 340 340  *Np|  430] 430 430 440 440
2Py 530 530 530 530 530 2Py 1300 1300 1300 1300 1300
240py 320 320 320 320 330  Pul 220 220 220 220 220
1Pyl 330 330 330 330 310 1Pyl 390 390 390 380 360
22py 320 320 320 320 3200 *Pu 54 54 54 54 54
24y 29 29 29 30 33 Wyl 110 110 110 110 120
235U 235U
236U 236U
238U 238U
133Cs 450 450 450 450 450 133Cs 530 530 530 530 530
1SEu 46 46 47 47 47 1SEu 44 44 44 44 44
15Gd 0.1 0.1 0.11 0.15 1 155Gd 0.16 0.16 0.17 0.21 0.97
14Nd 300 300 300 300 300, 4Nd 480 480 430 480 480
14SNd 290 290 290 290, 290 14SNd 350 350 350 350 350
15Rh 120 120 120 120 120 15Rh 140 140 140 140 130,
147Sm| 38 38 38 38 42 147Sm| 58 58 58 58 68
49 0.43 0.43 0.44 0.44 0.44 # 1.3 1.3 1.3 1.3 1.3
151Sm| 43 4.3 4.3 4.3 4.3 151Sm| 7.7 7.7 7.7 7.6 7.6
152Sm| 22 22 22 22 22 152Sm| 23 23 23 23 23
*T¢ 340 340 340 340 340 *T¢ 380 380 380 380 380
131X e 110, 110 110 110 110, 131X e 150 150 150 150 150
0.018]  0.017] 14E-06] 2.2E-22 O 0067 0.064 7.6E-06] 1.2E-21 0

The relative changes in mass for criticality isotopes are shown in Table 17 and Table 18 on an individual
isotope basis. The relative differences are computed as

M .
M-—l —1. Eq. (9)
i,ref

As shown in Table 17, varying burnup or initial enrichment alone creates large relative changes in
isotopic content for heavier actinides such as ***Am and **Pu. When increasing enrichment with burnup,
the competing effects mostly cancel out for the heavier transuranics. This is because they are the products
of multiple neutron absorptions, so their abundance increases with burnup. For a given burnup, increased
enrichment results in less overall neutron fluence, so neutron absorption products decrease with
increasing enrichment.
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Table 17. Relative mass difference for criticality isotopes on isotope basis at time point

(Isotopes are color-coded yellow for transuranic actinides, gray for uranium isotopes,
green for ordinary fission products, and black for fission product neutron poisons.)

3% enrichment increase
5 wt% (ref) = 8 at 60 GWd/MTU

20 GWd/MTU burnup increase

60 GWd/MTU (ref) = 80 for 8 w%

Isotope |0s 30 min S days |25 days |500 days [|Isotope [0s 30 min |5 days |25 days |S00 days
23Am 2Am| 129% 129%|  129% 129% 129%
ZNp|  14% 14% 14% 14% 14% 2Np| 35% 35% 35%) 35% 35%
2%Pu|  22%) 22% 21% 21% 21% 2Pu|  -1% -1% -1% -1% -1%
-13%) -13%|  -13% -14% -14% 2‘“'Pu| 25% 25% 25% 25% 25%
-3% -3% -3% -3% -3%) 241Pu| 24% 24% 24% 24% 24%
88% 88% 88% 88% 88%
19%| _ -19%  -19%  -19%  -18%

Byl 47% 47% 47% 47% 47% Bey|  12%) 12% 12% 12% 13%
=y 2% -2% -2% 2% -2% =y 2% -2% -2% 2% 2%
33Cs 6% 6% 6% 6% 6% 33Cs|  24% 24% 24%, 24% 24%
BEul  -6% -6% 1% 1% -7%) SEul  33% 33% 33%) 33% 33%
Gd]  50%) 50% 39% 18% -11% 15Gd|  37% 37% 39% 42% 50%
MNd| 23% 23% 22% 22% 22% MNd 16% 16% 16% 16% 15%
“*Nd 9% 9% 9% 9% 9% MNd| 24% 24% 24% 24% 24%
193Rh| 1% 1% 1% 1% 0% 15Rh|  20% 20% 20% 20% 20%
Sm|  24% 25% 24% 24% 23% 7Sm|  23% 23% 23% 22% 14%
° 65% 65% 45% 42% 42% 4 -12% -12% -9% -9% -9%
1Sm|  37% 37% 37% 37% 37% *1ISm 5% 5% 5% 5% 5%
1528 m 1% 1% 1% 1% 1% 28m|  16% 16% 16% 16% 16%
*T¢ 5% 5% 5% 5% 5% ®Te]  26% 26% 26% 25% 25%
B1Xel  10% 10% 10% 10% 10% B1Xel  15% 15% 15% 15% 15%
. 49% 44% 6% 6% — .G -12% -11% -2% 2% —
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Table 18. Relative mass difference for criticality isotopes on isotope mass basis at time point

(Isotopes are color-coded yellow for transuranic actinides, gray for uranium isotopes,
green for ordinary fission products, and black for fission product neutron poisons.)

20 GWd/MTU burnup and 20 GWd/MTU burnup and
1.5% enrichment increase 3% enrichment increase
5 wt% at 60 GWd/MTU (ref) = 6.5 at 80 5 wt% at 60 GWd/MTU (ref) => 8 at 80
Isotope [0s 30 min |[Sdays [25days |500 days [Isotope (0s 30 min _ |Sdays |25 days |500 days
2Am| 47% 47% 47% 47% 47% 283Am| 11% 11% 11% 11% 11%
ZNp| 42% 42% 42% 42% 42% ZNp|  54% 54% 54%) 54% 54%
Pul 8% 8% 8% 8% 8% Pu|  21%) 21% 20% 20% 20%
20Pu| 12% 12% 12% 12% 12%) 2""Pu| 8% 8% 8% 8% 8%
241Pu| 17% 17% 17% 17% 17%) 2‘"Pu| 20% 20% 20% 20% 20%
2Pyl 33% 33%)| 33%)| 33%) 33% 242py| 6% 6% 6% 6%, 6%,
24Ul 16% 16%)| 16%)| 16%)| 18% 2y 62% 62% 62%) 62% 63%
25U 2% 2% 2% 2% 2% 25U 82% 82% 82% 82% 82%
25y 36% 36%) 36%) 36%)| 36% Byl 65% 65% 65%) 65% 65%
2y 3% -3%) -3%| -3%) -3% 2y 4% -4% -4%)| -4% -4%
133Cs| 27% 27%)| 27%)| 27%)| 27%] 33Cs|  32% 32% 31%)| 31% 31%
1SEul 26% 26%) 26%) 26%) 26% SEul  24% 24% 24% 24% 24%
155Gd|  65% 65%) 60%) 50% 35% 155Gd|  106% 106% 93%) 68% 33%
SNd| 26% 26%) 26%) 26%) 26% SNd  42% 42% 42% 41% 41%
14SNd| 28% 28%) 28% 28%) 28% MSNd|  34% 34% 34% 34% 34%
15Rh| 20% 20% 19% 19% 18% 15Rh  22% 22% 22% 21% 20%
“Sm| 35% 35%)| 35%)| 34%)| 24% Sm|  53% 53% 53% 52% 40%
49 15% 14% 11% 10% 10%) # 45% 45% 32% 29% 29%
S1ISm| 25% 25% 25% 24% 24%, S1ISm|  44% 44% 43% 43% 43%
1528m|  16% 17%| 17%| 17%| 17% 28m|  17% 17% 17%)| 17%, 17%,
»Te| 28% 28%) 28% 28%) 28% PTel  32% 32% 32% 32% 32%
131Xel 19% 19%)| 19%)| 19%)| 19% Bi1Xel  27% 27% 27%)| 26% 26%
8% 7% 1% 1% 31%  27% 3% 3%

5.8 IMPACT OF CROSS SECTION LIBRARY ON ISOTOPIC PREDICTIONS

Currently, 56-group libraries are recommended for the majority of Polaris calculations because their
runtimes are faster than those in the 252-group library, and they have minimal impact on lattice
eigenvalues for a wide range of internally investigated LWR configurations. Table 19 shows the percent
change in the isotope composition when the more resolved 252-group cross section library is used instead
of the 56-group library for 80 GWd/MTU 8 wt% fuel. Isotopes are screened to be above 0.5 parts per
billion (ppb) of the initial uranium mass, or 500 pg per metric ton of uranium. Only time O is used to
compare masses, because most isotopes maintained their difference, regardless of decay time. A column
listing the percent change introduced from increasing enrichment and burnup from 60 GWd/MTU 5 wt%
to 80 GWd/MTU 8 wt% is included for comparison to demonstrate where the 56-group approximation
may affect the takeaways in the isotope section. In both columns, percent change is computed as

M;

—1. (10)

Mire f

The change in most isotopes from the cross section approximation is only a fraction of the change
introduced when increasing burnup and enrichment from 60 GWd/MTU 5 wt% to 80 GWd/MTU 8 wt%
fuel. For isotopes such as **Am, ***Pu, ***"Am, ***Am, ***Pu, **°Pu, "*'™Xe, and '*°Eu, the change
introduced by cross section library approximation is sizable compared with the change introduced by
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increasing burnup and enrichment. For the actinides, the change seems to be associated with the coarser
handling of the %**U resonance capture. All of these isotopes appear on the release term list, but they are
each a small component of the total term. ***Pu and ***Pu appear in the list of isotopes that influence both
shielding and criticality. In the case of shielding, they contribute little to the overall activity of the spent
nuclear fuel in the timescales studied in this work, so the impact on shielding is likely small. This is also
seen in the analysis presented in NUREG CR-5700 [9], in which the isotopes contribute negligible
amounts at 5 years of cooling, but can be substantial source components at 100 years of cooling. Thus, the
56-group approximation used in work described in this section likely only impacts the **Pu and **Pu
values for criticality, as well as the quantities of some release nuclides. The 5-10% differences in the
isotopics predicted by the 56-group library compared with the 252-group are larger than expected,
although it is understood that the main use case for Polaris with the 56-group library is to generate few-
group nodal data, not isotopics. This 56-group library bias does not invalidate any conclusions made in
this scoping study because the important burnup or enrichment differences were typically much larger.
Future Polaris development work will consider these isotopic biases in multigroup library optimization to
achieve a maximum of ~5% bias in a relevant nuclide at 80 GWd/MTU for the 56-group library
compared to the 252-group library.
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Table 19. Change in isotopics due to cross section library 252- vs 56-group

bS]
._%D 2 ji 2 o 80 GWd/MTU 8 wt% enriched vs
S| 8 8| 2 Percent change in isotope 60 GWd/MTU 5 wt%
Gl & é) é;’ Isotope mass 252- vs 56-group (for comparison)
v IV cs136 10.31% 47.00%
v eulss 10.16% 28.91%
gd155 9.03% 106.25%
v sb124 8.11% 15.42%
v am?243 -6.99% 11.46%
v pu243 -5.30% -7.89%
vV v | pu240 -4.85% 8.02%
v |V am241 4.72% 55.56%
u234 4.32% 62.38%
v sb125 4.25% 9.30%
v tel25m 4.23% 10.97%
vVIiVv|V cm244 -4.04% 21.49%
vV pu242 4.04% 5.55%
v am244m -3.45% -2.68%
v am244 -3.42% -2.64%
v euls3 3.38% 24.17%
vVIiVv|V pu238 3.27% 67.38%
v pdl112 3.03% -9.11%
vV np238 2.85% 28.61%
v xel31 2.60% 26.68%
v sm147 2.44% 52.91%
v rh103 -2.33% 22.17%
v sml51 2.30% 44.07%
v rb86 2.21% 33.27%
v pu241 1.91% 19.61%
v tel27m 1.82% 10.24%
v xel31m 1.81% -0.49%
v sm149 1.68% 44.76%
v pdlll 1.52% -10.10%
v sm152 -1.41% 17.40%
vV IV v | pu239 1.35% 20.53%
v np237 -1.34% 54.07%
v tel27 1.29% -4.37%
v IV euls6 -1.26% 2.27%
v sb127 1.20% -5.85%
v pri42 1.13% 10.41%
v np240 L12% [ oew
v am242 1.05% 21.15%
v xel35 1.04% 30.94%
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6. CONCLUSIONS

Calculations were performed using the SCALE Polaris, TSUNAMI, and ORIGEN computer codes to
evaluate the effects of EE and HBU on depletion characteristics of a representative commercial PWR fuel
assembly (Westinghouse 17x17 with 104 IFBA rods). The investigation focused on differences between
depletion to well-understood conditions (5 wt% 235U depleted to 60 GWd/MTU) and depletion with
enrichment up to 8 wt% and burnup up to 80 GWd/MTU.

Key quantities of interest include lattice physics parameters, isotopic inventory at various decay times,
neutronic similarity of fuel assemblies in SFP storage, and relative uncertainty in kinr due to cross section
uncertainty, including the effect of cross section uncertainty on isotopic content. Limited comparisons
between predictions using SCALE 56-group ENDF/B-VII.1 cross sections and SCALE 252-group
ENDF/B-VII.1 cross sections are also presented. Conclusions from this evaluation are as follows.

1. No unexpected or anomalous trends were found that would call into question the accuracy of the
Polaris code using SCALE 56-group ENDF/B-VII.1 cross sections for depletion, lattice physics, and
isotopic content calculations of the analyzed PWR fuel with enrichments up to 8 wt% and burnup up
to 80 GWd/MTU.

2. Increased enrichment and higher burnup are positively correlated due to the requirements of
commercial PWR fuel management (fuel economics and reactor physics). This correlation tends to
result in offsetting lattice physics effects when combined with single-assembly results to estimate
core average characteristics.

3. Lattice physics results from the Polaris model depletion of a Westinghouse 17x17 fuel assembly with
104 IFBA rods overall showed no unusual, unexpected, or adverse code performance trends.

a. Calculated fuel kinr, peaking factors, and reactivity coefficients are smooth and continuous as a
function of enrichment and burnup.

b. Lattice physics trends were predictable from first principles (e.g., spectral hardening resulting
from increased **°U enrichment).

c. A first-order approximation shows that core average burnup is expected to increase
11 GWdA/MTU for each 1.5 wt% increase in fuel enrichment above 5 wt%. This approximation
can be used to extend the results of single-assembly lattice physics calculations to expected core
average behavior.

d. Core average temperature coefficients (MTC, DTC) and kinetics parameters (f-eff and delayed
neutron decay constant) are not expected to change substantially due to the offsetting effects of
increased enrichment and increased burnup.

e. The soluble boron requirement increases strongly with increasing enrichment.

f.  Assembly pin peaking increases modestly with increasing enrichment.

g. Power variation that occurs radially across fuel pellets (the “rim effect”) at the same fuel pin
burnup declines with increasing enrichment.

4. The TSUNAMI-IP similarity index ck is >0.98 for assemblies of different enrichment / burnup
combinations (5 wt% 60 GWd/MTU, 8 wt% 84 GWd/MTU, and 8 wt% 94 GWd/MTU) in a
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representative SFP rack cell. This suggests that SFP burnup credit criticality code validation should
not be strongly impacted by HALEU/HBU. Uncertainty in kinr due to cross section uncertainty is
similar for the three rack cell cases.

5. The effect of cross section uncertainty on perturbed cross section depletion kinr increases slightly from
60 GWd/MTU to 80 GWd/MTU (~0.1% Ak/k). The lists of the top 25 nuclides most important to
criticality for 5 wt% fuel at 60 and 80 GWd/MTU differ by only one nuclide.

6. Increasing enrichment from 5 to 8 wt% at 60 GWd/MTU leads to minor changes in decay heat. At
time = 0, decay heat increased by 3% and then decreased to -10% at 500 days for the 8 wt% case
compared with the reference 5 wt% case.

7. Increasing burnup from 60 to 80 GWd/MTU for 8 wt% leads to a negligible change at time =0 and a
growing change from 5 days (5%) to 500 days (30%) for the 80 GWd/MTU case compared with the
reference 60 GWd/MTU. At 500 days, the 80 GWd/MTU fuel has ~14 kW/MTU decay heat
compared with ~11 kW/MTU for the base case.

8. Effects of increases in burnup and enrichment on decay heat are in opposite directions, so the
combined effect is a 15% increase at 500 days for increased enrichment and burnup compared with a
30% increase for only burnup.

9. Activity shows similar trends to decay heat, but with less magnitude.

10. Isotopic results from the Polaris model depletion of a Westinghouse 17x17 fuel assembly with 104
IFBA rods overall showed no unusual, unexpected, or adverse code performance trends.

a. No single isotope influenced decay heat by more than 10% in any case analyzed.
b. No single isotope changed activity by more than 5% in any case analyzed.

c. Curium-244 is the main isotope that changes the spontaneous neutron emission source
substantially for the timescales in question.

d. Ofthe criticality-related isotopes evaluated, only ** Am and *>Gd changed in composition by
over a factor of 2 for the cases analyzed.

e. When changing from the 252- to the 56-group library, no isotope changed in mass by more than
11% for the 80 GWd/MTU, 8 wt% case.
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APPENDIX A. ACTIVITY DATA TABLES

This appendix lists the activities for each isotope of selected spent nuclear fuel lattices as a fraction of
total activity in the tables below. The total activity listed for all isotopes is also provided to allow for
conversion to activity. The isotopes are ordered by RMS of contribution to total activity. Checkmarks
indicate whether the isotopes were considered important to shielding, release term, decay heat, or activity
in this study.

Activity: an isotope ranked in the top 10 activities for any time point, so the number of check marks is
greater than 10.

Decay heat: an isotope ranked in the top 15 RMS changes in decay heat evaluated in Section 4.

Shielding: an isotope relevant to shielding applications 5 years after discharge as designated in
NUREG/CR-6700. Note that at short time frames, many more isotopes are likely applicable to shielding.

Release: an isotope which is an element required to be evaluated for alternate release source terms per
Regulatory Guide 1.183 and for which the RMS taken across non-zero timepoints is greater than 0.1%.

Table A.1. Fractional contributions of istopes to total activity of 60 GWd/MTU Swt% case

0s 30 m 5d 25d 500 d
Total calculated (MCi/MTU)| 240.30 117.60 33.11 15.91 2.83
[Total listed (MCi/MTU) 127.30 104.07 32.18 15.76 2.82
Fraction of activity from isotope
- 5]
(I § 2 §
al 2 Al 2 0s 30 m 5d 25d 500 d
VIV I|V] ®Np
VIiVIiVvI VY 144pr
v v | ™Ce
v v | %Ry
v v | %Ry
arars *Nb
vVIivI|Vv SZr 6.9E-3 | 14E-2 | 4.8E-2 8.0E-2 2.6E-3
VI Vv |V | ™Ru 7.8E-3 | 1.6E-2 5.2E-2 7.6E-2 9.7E-5
v v | '“mRh | 7.7E-3 | 1.6E-2 5.1E-2 7.5E-2 9.6E-5
VI iVIVIV 134Cs 1.5E-3 | 3.1E-3 1.1E-2 2.2E-2 8.0E-2
v v | "Ce 7.1E-3 | 14E-2 | 4.6E-2 6.3E-2 1.4E-5
v v | *Pu 9.6E-4 | 2.0E-3 7.0E-3 1.4E-2 7.6E-2
arars 37Cs 7.8E-4 | 1.6E-3 5.7E-3 1.2E-2 6.4E-2
arars oy 4.6E-3 | 9.5E-3 3.2E-2 5.3E-2 1.1E-3
VI VI V|V ]| " Ba | 74E-4 | 1.5E-3 5.4E-3 1.1E-2 6.1E-2
arars 4] 79E-3 | 1.6E-2 | 4.7E-2 3.4E-2 1.2E-12
v v | "“Pm 8.8E-4 | 1.8E-3 6.4E-3 1.3E-2 5.4E-2
v v | '*Ba 7.6E-3 | 1.5E-2 | 4.2E-2 2.9E-2 1.0E-12
v 43Py 6.5E-3 | 1.3E-2 | 4.0E-2 3.0E-2 5.0E-12
YA #Sr 3.5E-3 | 7.1E-3 2.4E-2 3.7E-2 3.1E-4
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Fraction of activity from isotope

o g g

El 2 < 2 2

al 2 Al 2 0s 30m 5d 25d 500 d

VI VI VIV oy 55B-4 | 1.1E-3 | 3.9E-3 | 8.0E-3 | 4.3E-2
V|V *Sr | 53E-4 | 1.1E-3 | 3.8E-3 | 8.0E-3 | 43E2
v V| ™Xe | 87E-3 | 1.8E-2 | 40E-2 | 6.0E-3 | 0.0E+0
v 131 4.6E-3 | 93E-3 | 22E2 | 83E3 | 7.1E-20
v V| *Mo | 83E-3 | 1.7E-2 | 17E-2 | 23E4 | 0.0E+0
v onTe | 73BE-3 | 1.5E2 | 1.6E2 | 22E4 | 0.0E+0
v 132] 6.6E-3 | 13E2 | 1.6E2 | 45E-4 | 0.0E+0
v 12Te | 64B-3 | 13E-2 | 16E2 | 43E4 | 0.0E+0
v “Nd | 29E-3 | 59E-3 | 15BE2 | 89E-3 | 48E-15
N V| I 9.1E-3 | 1.8B2 | 12E-3 | 2.9E-10 | 0.0E+0
N V| o 1.0E2 | 1.8B2 | 0.0E+0 | 0.0E+0 | 0.0E+0
N V| ol 8.7E-3 | 1.7JE-2 | 2.0E-7 | 0.0E+0 | 0.0E+0
v “Nb | 7.4E-3 | 1.5B-2 | 3.9BE-4 | 2.0E-12 | 0.0E+0
v zr | 73E-3 | 1.5B2 | 3.7E-4 | 1.8E-12 | 0.0E+0
V|V 1y | 1.8E-3 | 3.8B-3 | 1.1E-2 | 89E-3 | 1.9E-11
v g | 7.1E-3 | 1.4E-2 | 34E-11 | 0.0E+0 | 0.0E+0
v 19Ba | 7.9B-3 | 14E-2 | 0.0E+0 | 0.0E+0 | 0.0E+0
v omNb | 7.0B-3 | 14E-2 | 3.5E-4 | 1.7E-12 | 0.0E+0
v 4Ce | 6.5E-3 | 1.3E-2 | 3.8E-3 | 34E-7 | 0.0E+0
v 133Cs | 8.3E-3 | 1.3E-2 | 0.0E+0 | 0.0E+0 | 0.0E+0
v w2l | 6.8E-3 | 1.2E-2 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 3y 59E-3 | 12E2 | 12E-5 | 1.6E-19 | 0.0E+0
v 0Rh | 53E-3 | 1.1E-2 | 42E-3 | 7.2E-7 | 0.0E+0
v Ry | 5.8B-3 | 1.1E2 | 3.2E-10 | 0.0E+0 | 0.0E+0
v 2y 5.0B-3 | 1.0E-2 | 9.7E-12 | 0.0E+0 | 0.0E+0
v 14Te | 7.7B-3 | 9.6E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v oTc | 7.8B-3 | 93E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
N 28r | 5.0B-3 | 9.0E3 | 1.7E-15 | 0.0E+0 | 0.0E+0
N %Sr | 45E-3 | 89E-3 | 5.8E-6 | 1.2E-20 | 0.0E+0
V|V *2Cm | 47E-4 | 97E-4 | 34E-3 | 6.5E-3 | 48E-3
N 14pr | 45B-3 | 87E-3 | 3.0E-8 | 0.0E+0 | 0.0E+0
v |V 25Np | 34E-3 | 6.9E-3 | 4.8E-3 1.4E-5 | 2.4E-8
v “Ppm | 2.5E-3 | 5.2B-3 | 3.9E-3 1.6E-5 | 0.0E+0
N 15Sm | 2.7E-3 | 54E-3 | 32E-3 | 53E-6 | 0.0E+0
v 13nTe | 44B-3 | 62E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v BTe | 39E-3 | 6.1E-3 | 14E-4 1.3E-8 | 0.0E+0
v 23py | 3.1E-3 | 6.0E3 | 12E9 | 19E-13 | 1IE-12
v 135Xe | 2.6E-3 | 5.8E-3 | 2.0E-5 | 6.6E-21 | 0.0E+0
N omy | 27E-3 | 54E-3 | 3.7E-6 | 7.JE-21 | 0.0E+0
v $Kr | 6.7E-5 | 14E-4 | 4.9E-4 1.0E-3 | 5.2E-3
v “pr | 3.6B-3 | 5.1E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0

VIV |V “Eu_ | 6.3E-5 | 1.3E-4 | 4.6E-4 | 9.5E-4 | 48E-3
v #Rb | 2.6E-3 | 4.9E-3 | 3.9E-15 | 0.0E+0 | 0.0E+0
v “Ba | 7.0B-3 | 47E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
N “pm | 1.1E-3 | 2.2E-3 | 4.1BE-3 | 7.3E-4 1.8E-7
v |V 14Tc | 6.7B-3 | 46E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0




Fraction of activity from isotope

. 3 g

El 2 2 2 %

al 2 Al 2 0s 30m 5d 25d 500 d
v $Kr | 2.5B-3 | 4.5E-3 | 3.5E-15 | 0.0E+0 | 0.0E+0
v %Y | 6.3E-3 | 45E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0

Varars 24Cm | 52B-5 | 1.1E-4 | 3.8E-4 | 7.8E-4 | 42E3
v wpd | 2.1B-3 | 42E-3 | 3.5E-5 | 2.1E-15 | 0.0E+0
v 258h | 6.5B-5 | 1.3E-4 | 47E-4 | 9.7E-4 | 3.9E-3
v Mo | 7.8E-3 | 3.9E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0

Yarayi 2%py | 39E-5 | 8.0E-5 | 2.9E-4 | 6.0E-4 | 3.5E-3
v 13Xe | 7.5B-3 | 3.5E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v Rh | 34E-3 | 3.3E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v wsnRh | 1.7E-3 | 3.2E-3 | 9.1E-11 | 0.0E+0 | 0.0E+0
v 135mXe | 2.0E-3 | 3.2E-3 | 3.5E-8 | 0.0E+0 | 0.0E+0
v “La | 64B-3 | 3.1E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
Var 13Cs | 42E-4 | 87E-4 | 24E-3 1.7E-3 | 1.3E-13
v “Nd | 1.8E-3 | 3.0E-3 | 1.6E-23 | 0.0E+0 | 0.0E+0
v 131Shb | 3.5B-3 | 3.0E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v ¥Kr | 1.9B-3 | 3.0E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v »Te | 1.3B-3 | 2.6E-3 | 8.1E-4 | 1.1E-3 | 3.5E-7
v 153Te | 46B-3 | 29E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 128b | 14B-3 | 2.6E-3 | 62E-11 | 0.0E+0 | 0.0E+0
v By | 3.5B-5 | 7.2E-5 | 2.6E-4 | 53E-4 | 2.5E-3
v 2T | 7.6B-3 | 2.5E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 12Mo | 7.6E-3 | 2.5E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “sopm | 2.0E-4 | 41B-4 | 13BE-3 | 2.0E-3 | 3.8E-6
v 2nTe | 1.9B-4 | 40E-4 | 13E-3 1.8B-3 | 5.5E-7
v ®Rb | 3.3E-3 | 2.2E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v SPm | 9.5E-4 | 1.9E-3 | 3.7E-4 | 6.3E-9 | 0.0E+0
v 3mTe | 9.1E-4 | 1.9E-3 | 55E-4 | 5.1E-8 | 0.0E+0
v ssmKr | 1.0E-3 | 1.9E-3 | 64E-11 | 0.0E+0 | 0.0E+0
v Te | 43E-4 | 88E-4 | 1.6E-3 | 59E-4 | 14E-4
v “Ba | 6.5E-3 | 1.9E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v Y | 67E-3 | 1.9E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 19Cs | 7.7B-3 | 1.8E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 27Sh | 4.7E-4 | 9.6E-4 | 14E-3 | 8.0E-5 | 0.0E+0
v wnpr | 83E-5 | 1.2E-4 | 4.1E-4 | 8.1E-4 | 14E3
v 14Ce | 3.6E-3 | 1.6E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 2Am | 7.5B-4 | 1.5B-3 | 3.E-5 | 9.E-7 | 5.1E-6
v 1308 | 1.2B-3 | 1.5E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 24mAm | 1.6E-3 | 1.4E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “pr | 29E-3 | 1.3E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 128m8b | 6.9E-4 | 1.1E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v snNb | 7.5B-5 | 1.5E-4 | 53E-4 | 9.2E-4 | 3.0E-5




Table A.2. Fractional contributions of istopes to total activity of 60 GWd/MTU 8 wt%

0s 30 m 5d 25d 500d
Total calculated (MCi/MTU) 232.50 111.60 32.17 16.10 2.74
Total listed (MCi/MTU) 124.34 100.73 31.23 15.96 2.73

Fraction of activity from isotope

25,
S 8g: &
= Al & 2 0s
V]v] =Ny | 7982
v v ] wpe | 67E3
v | wce | 6.6E3
NERYA Nb 7.9E-3
NERYA 957y 7.9E-3
v 106Ru 2.7E-3
v 106Ru 2.7E-3
] wce | 7783 | 1662 | 5082 | 6582 | 1.5E-5
V] v] wru | 7163 | 1582 | 4782 | 66B2 | 88ES
v | worn | 7083 | 1582 | 46B2 | 65B2 | 8.7E-5
/| *pu | 96E4 | 20E3 | 69E-3 | 14E2 | 7.6B2
NERYA ny 5.9E-3 1.2E-2 4.0E-2 6.4E-2 1.3E-3
v J]v] mcs | 1383 | 2783 | 93B3 | 1862 | 69E2
| wpm | 11E3 | 23E3 | 80E3 | 1.6B2 | 6.7B2
J]v] wcs | 81E4 | 1783 | 5983 | 1282 | 672
% V]| v | vmBa | 7764 | 16B3 | 56E3 | 1.IE2 | 63E2
NERY4 140 a 8.4E-3 1.8E-2 5.1E-2 3.5E-2 1.3E-12
143pr 7.3E-3 1.5E-2 4.5E-2 3.3E-2 5.6E-12
N4 1490B4 8.2E-3 1.7E-2 4.5E-2 3.0E-2 1.1E-12
N4 8Sr 4.5E-3 9.5E-3 3.1E-2 4.7E-2 4.1E-4
v % oy | 64E-4 | 13E3 | 45E3 | 9.0E-3 | 5.1E2
JIv] st | 6284 | 13B3 | 45B3 | 9.0E3 | 5.1E2

v | PXe 9.1E-3 1.9E-2 4.1E-2 6.0E-3 0.0E+0
B 4.6E-3 9.6E-3 2.2E-2 8.0E-3 | 7.2E-20
v | *Mo 8.7E-3 1.8E-2 1.8E-2 2.3E-4 0.0E+0
mT¢ 7.7E-3 1.6E-2 1.7E-2 2.2E-4 0.0E+0

132 6.7E-3 1.4E-2 1.7E-2 4.4E-4 0.0E+0
2Te 6.6E-3 1.4E-2 1.6E-2 4.2E-4 0.0E+0
v 1331 9.5E-3 2.0E-2 1.3E-3 | 2.9E-10 | 0.0E+0
v 1341 1.1E-2 2.0E-2 0.0E+0 | 0.0E+0 | 0.0E+0
“Nd 3.1E-3 6.4E-3 1.6E-2 9.1E-3 | 5.1E-15
v 1331 9.1E-3 1.8E-2 2.1E-7 0.0E+0 | 0.0E+0
v | “Nb 8.0E-3 1.7E-2 4.0E-4 | 2.0E-12 | 0.0E+0

77x 7.9E-3 1.6E-2 4.0E-4 | 1.9E-12 | 0.0E+0
Ce 7.3E-3 1.5E-2 4.3E-3 3.6E-7 0.0E+0
“La 7.7E-3 1.5E-2 | 3.7E-11 | 0.0E+0 | 0.0E+0
*’m"Nb 7.5E-3 1.5E-2 3.8E-4 | 1.8E-12 | 0.0E+0
'*Ba 8.5E-3 1.5E-2 0.0E+0 | 0.0E+0 | 0.0E+0

Y 7.0E-3 1.4E-2 1.4E-5 1.8E-19 | 0.0E+0
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Fraction of activity from isotope

%0 Q § 2 o

3 8 B E &

I 0s 30 m 5d 25d 500 d
Y 58Cs | 89E-3 | 14E2 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 1wl | 74E-3 | 14E2 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 2y | 62E-3 | 13E2 | 1.2E-11 | 0.0E+0 | 0.0E+0
Y 95y | 58E-3 | 12E-2 | 74E6 | 1.5E-20 | 0.0E+0
v 2Sr | 62E3 | LIE-2 | 2.1E-15 | 0.0E+0 | 0.0E+0
v 4Te | 86E-3 | IIE-2 | 0.0E+0 | 0.0E+0 | 0.0E+0
Y Rh | 44E-3 | 92E-3 | 3.5E-3 | 58E7 | 0.0E+0
v pr | 49E3 | 9.8E-3 | 33E-8 | 0.0E+0 | 0.0E+0
v oTe | 80E-3 | 9.6E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
Y Ry | 48E-3 | 94E-3 | 2.6E-10 | 0.0E+0 | 0.0E+0
vV Eu | 12E-3 | 24E-3 | 68E-3 | 54B-3 | 12E-11
Y 55Xe | 4.0B-3 | 8.7E-3 | 22E-5 | 6.8E21 | 0.0E+0
v |V 2Np | 3.0E-3 | 62E-3 | 42E3 | 12E5 | 3.1E-8
Y smy | 34E-3 | 7.0B-3 | 48E-6 | 9.4E-21 | 0.0E+0
v wnTe | 48E-3 | 69E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “Rb | 3.4E-3 | 6.6E-3 | 5.1E-15 | 0.0E+0 | 0.0E+0
vV *Cm | 3.6E-4 | 74E4 | 25E3 | 47E-3 | 3.6E3
v 51Te | 40E-3 | 64E-3 | 13E4 | 12E-8 | 0.0E+0
v wpm | 24E-3 | 50E-3 | 3.7E3 | 14E-5 | 0.0E+0
v ®Kr | 7.8E-5 | 1.6E4 | 56E-4 | LIE3 | 6.1E-3
v wKr | 33E-3 | 6.1E-3 | 4.6E-15 | 0.0E+0 | 0.0E+0
v 1pr | 39E-3 | 5.6E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v %y | 73E-3 | 54E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 15§m | 22E-3 | 45E-3 | 2.6E-3 | 4.1E-6 | 0.0E+0
v 4By | 7.6E-3 | 52E3 | 0.0E+0 | 0.0E+0 | 0.0E+0

VvV “Eu | 64E-5 | 13E-4 | 46E-4 | 92E-4 | 49E-3
v wPm | 1.0E-3 | 2.1E-3 | 3.9E3 | 7.0E-4 | 2.6E7
v v Tc | 58E-3 | 4.1E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v Mo | 8.0E-3 | 40E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “Kr | 2.5B-3 | 3.9E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 58Xe | 8.1E-3 | 3.9E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 25Sh | 59E-5 | 1.2E-4 | 43E-4 | 84E-4 | 3.6E3
v wla | 72E-3 | 3.5E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v ssmxe | 2.0B-3 | 33E-3 | 3.6E8 | 0.0E+0 | 0.0E+0
v v 56Cs | 46E-4 | 9.6E-4 | 2.6E3 | 1.8E-3 | 1.4E-13
v wnpy | 2.8E-4 | 57E-4 | 18E3 | 2.6E3 | 53E-6
v Te | 48E-3 | 32E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
J 51Sh | 3.7E-3 | 3.2E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0

v v v 2spy | 35E5 | 73E-5 | 26E-4 | 5.1E-4 | 3.1E3
v wNd | 1.8B-3 | 3.0E-3 | 1.6E-23 | 0.0E+0 | 0.0E+0
v xpy | 153 | 3.0E-3 | 5.8E-10 | 2.8E-14 | 1.7E-13
v wpd | 1.5E-3 | 3.0B-3 | 2.4E-5 | 1.4E-15 | 0.0E+0
v “Rb | 44E-3 | 29E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v »Te | 12E-3 | 2563 | 7.9E-4 | 1.0E3 | 3.4E7
v wsmRh | 1.3E-3 | 2.7E-3 | 7.4E-11 | 0.0E+0 | 0.0E+0
v wRh | 2.6E-3 | 2.5E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0




Fraction of activity from isotope

. 3
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= gl 2l 2 0s 30 m 5d 25d 500 d

8mKr 1.3E-3 2.5E-3 | 8.1E-11 | 0.0E+0 | 0.0E+0
'“2Tc 7.4E-3 2.5E-3 0.0E+0 | 0.0E+0 | 0.0E+0
'°Sb 1.3E-3 2.5E-3 | 5.7E-11 | 0.0E+0 | 0.0E+0
%Mo 7.4E-3 2.5E-3 0.0E+0 | 0.0E+0 | 0.0E+0
'Eu 3.1E-5 6.5E-5 2.2E-4 4.5E-4 2.2E-3

*Y 7.6E-3 2.2E-3 0.0E+0 | 0.0E+0 | 0.0E+0
'“?Ba 7.2E-3 2.1E-3 0.0E+0 | 0.0E+0 | 0.0E+0
129mTe 1.9E-4 4.0E-4 1.2E-3 1.6E-3 5.4E-7
3Cs 8.3E-3 1.9E-3 0.0E+0 | 0.0E+0 | 0.0E+0
!44mPy 8.3E-5 1.3E-4 4.5E-4 8.6E-4 1.6E-3
*1Pm 8.8E-4 1.8E-3 3.4E-4 5.6E-9 0.0E+0
3ImTe 8.6E-4 1.8E-3 5.1E-4 4.6E-8 0.0E+0
2Te 4.0E-4 8.3E-4 1.5E-3 6.1E-4 1.6E-4
5Ce 3.9E-3 1.8E-3 0.0E+0 | 0.0E+0 | 0.0E+0
v 244Cm 2.0E-5 4.1E-5 1.4E-4 2.8E-4 1.6E-3
'27Sb 4.2E-4 8.8E-4 1.3E-3 6.9E-5 0.0E+0
13Sb 1.2E-3 1.5E-3 0.0E+0 | 0.0E+0 | 0.0E+0
“TPr 3.1E-3 1.4E-3 0.0E+0 | 0.0E+0 | 0.0E+0
22Am 6.0E-4 1.2E-3 2.5E-5 1.1E-6 6.7E-6
%Br 1.0E-3 1.2E-3 0.0E+0 | 0.0E+0 | 0.0E+0
BmKr 5.8E-4 1.2E-3 1.3E-10 | 2.2E-10 | 2.8E-11
**mNb 8.5E-5 1.8E-4 6.0E-4 9.9E-4 3.4E-5
®Br 5.8E-4 1.1E-3 | 43E-18 | 0.0E+0 | 0.0E+0
128mSh 6.7E-4 1.1E-3 0.0E+0 | 0.0E+0 | 0.0E+0
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Table A.3. Fractional contributions of istopes to total activity of 80 GWd/MTU 6.5 wt%

0s 30m 5d 25d 500 d
Total calculated (MCi/MTU) 241.30 118.60)] 33.91 16.55 3.26
Total listed (MCi/MTU), 128.23 104.96| 32.80 16.38 3.25
Fraction of activity from isotope
ED Q § 2 5]
ERER
2 2l 8 2 2 0s 30m 25d 500 d
VIV IV] *®Np
VIVIVIVY 144pr
v v | Ce
v v 106Ry
v v 106Ru
VIV |V ]| *Nb
VIV IV IV 3Cs
VI iVv]VY 1%Ru 7.8E-3 1.6E-2 5.1E-2 7.4E-2 8.5E-5
v v | '9mRh 7.8E-3 1.6E-2 5.1E-2 7.3E-2 8.4E-5




Fraction of activity from isotope

%0 Q § 2 i

2 2l 8 2 2 0s 30m 5d 25d 500 d
VI vIv] sz | 6883 | 1462 | 46E2 | 7.6B2 | 23E3
J V| »pu | 11E3 | 23B3 | 80E3 | 1.6E2 | 7.862
v v mce | 7083 | 1462 | 45B2 | 60E2 | 12E5
JIviv] wes | 1083 | 2083 | 7383 | 1582 | 7.3B2

JI{vIv]v] vmBa | 9784 | 2083 | 6983 | 1462 | 7.0E2
JIvIiv] oy 4563 | 9263 | 3.0E2 | 4982 | 9.0E4
VI vI]v] wra | 7983 | 1682 | 46E2 | 32E2 | 1.0E-12
J V| wpm | 9364 | 1983 | 67E3 | 14E2 | 5.0E2
J V| wBa | 7563 | 1562 | 41E2 | 2.8E2 | 8.7E-13

vV oy 7264 | 1.5E3 | 5.0E3 | 1.0E2 | 5.0B2
VI vIiv] »sr | 6984 | 1483 | 4983 | 1.0E2 | 5.0B2
J wpr | 64E3 | 13E2 | 3962 | 2982 | 43E-12
J V| wxe | 8783 | 1882 | 3982 | 57E3 | 0.0E+0
| v wgr | 34E3 | 6.8E3 | 22E2 | 3.5B2 | 2.6E-4
% 3] 4563 | 92E3 | 22B2 | 8.0E3 | 62E-20
J V| Mo | 82E3 | 1782 | 1.7E2 | 22E4 | 0.0E+0
% onTe | 73E3 | 1582 | 1.6E2 | 2.1E-4 | 0.0E+0
% 132 6.6E-3 | 13E2 | 1.6B2 | 43E4 | 0.0E+0
v mre | 63E3 | 13E2 | 15B2 | 4.1E4 | 0.0E+0
J M 9.0E-3 | 1.8E2 | 12E3 | 2.8E-10 | 0.0E+0
% wNd | 29E3 | 58E3 | 15B2 | 8.6E3 | 4.2E-15
J M 1.0E2 | 1.8E2 | 0.0E+0 | 0.0E+0 | 0.0E+0
| v By | 23E3 | 46E3 | 13E2 | L1E2 | 2.1E-11
J e 8.7E-3 | 1.7E2 | 2.0B-7 | 0.0E+0 | 0.0E+0
v Nb | 7.3E-3 | 1.5E2 | 3.6E-4 | 1.9E-12 | 0.0E+0
% vzr | 7363 | 14B2 | 3.6B-4 | 1.7E-12 | 0.0E+0
% g | 7.0E-3 | 1.4B2 | 3.3E-11 | 0.0E+0 | 0.0E+0
v “Ba | 7.8B-3 | 1.4E2 | 0.0E+0 | 0.0E+0 | 0.0E+0
v mNb | 6.9E-3 | 14E-2 | 3.4E4 | 1.7E-12 | 0.0E+0
% wCe | 64B-3 | 13B2 | 37E3 | 3.2E7 | 0.0E+0
v %Cs | 82E-3 | 1.2E2 | 0.0E+0 | 0.0E+0 | 0.0E+0
% wr g | 67E-3 | 12B2 | 0.0E+0 | 0.0E+0 | 0.0E+0
% oRh | 54B3 | 1L1B2 | 42E3 | 7.1E7 | 0.0E+0
% vy 58E3 | LIE2 | 12BE5 | 1.5E-19 | 0.0E+0
% wRu | 5.9B3 | 11E2 | 3.2E-10 | 0.0E+0 | 0.0E+0
| v 25Np | 46BE-3 | 94E3 | 64E3 | 1.9E-5 | 2.9E-8
| v 22Cm | 6564 | 13E-3 | 45E3 | 8.5E-3 | 5.8B3
% o2y 4963 | 1.0E2 | 93E-12 | 0.0E+0 | 0.0E+0
% Te | 7.6E-3 | 95E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% ore | 7863 | 92E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 25r | 49E3 | 87E3 | 1.6E-15 | 0.0E+0 | 0.0E+0
% ogr | 44E3 | 87BE3 | 5.6B6 | 1.IE-20 | 0.0E+0
% uspr | 44E3 | 85E3 | 29E8 | 0.0E+0 | 0.0E+0
% 2py | 3983 | 7.3B3 | 14E9 | 6.1E-13 | 3.1E-12
% %Sm | 3.0B3 | 6.0E3 | 3.5E3 | 5.6E-6 | 0.0E+0

vV 2Cm | 9.5B-5 | 19E4 | 6.7E4 | 14E3 | 6.7E3
% wpm | 26B3 | 52B3 | 39E3 | 1.5B-5 | 0.0E+0




Fraction of activity from isotope

%0 o § 2 i

3 5 Bz &

2 2l 8 2 2 0s 30m 5d 25d 500 d
% 35Xe | 2.83 | 6.E3 | 1.9E-5 | 6.3E-21 | 0.0E+0
% e | 44B3 | 6.1E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v mTe | 39E3 | 6.1E3 | 14E4 | 1.3E8 | 0.0E+0
% “Kr | 85BE-5 | 1.7E-4 | 6.1E-4 | 12E3 | 5.8E3

VvV By | 8.6E-5 | 1.8E-4 | 6.1E4 | 1.3E3 | 57E-3

VvV 25y | 69E-5 | 14E4 | 49E4 | 1.0E-3 | 53E3
% omy | 26E-3 | 52B3 | 3.6B6 | 7.3E-21 | 0.0E+0
% upr | 3.6E-3 | 5.0E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% #Rb | 2.5E-3 | 4.8B3 | 3.7E-15 | 0.0E+0 | 0.0E+0
v wpm | 11E3 | 22B3 | 4.1E3 | 72E4 | 1.8E7
| v e | 6.8E-3 | 47E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% wBa | 7.0B3 | 4.6E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v wpd | 23E3 | 46E3 | 3.8B-5 | 2.2E-15 | 0.0E+0
% oy 62E-3 | 4.4E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% #Kr | 24E-3 | 44E3 | 33E-15 | 0.0E+0 | 0.0E+0
| v sCs | 6.1E4 | 12E3 | 33E3 | 24BE3 | 1.7E-13
% wsgb | 7.56-5 | 15B4 | 53BE4 | 1.IE3 | 4.0E3
% oMo | 7.8B3 | 3.9E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v xe | 7.5B-3 | 3.5B-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% wRrh | 3583 | 3.3B3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% wsoRh | 1.7E-3 | 3.2B-3 | 9.0E-11 | 0.0E+0 | 0.0E+0
v swXe | 2.0B-3 | 3.1E-3 | 3.4E-8 | 0.0E+0 | 0.0E+0
% wla | 64E-3 | 3.0E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% wNd | 1.8E-3 | 3.0E3 | 1.6E-23 | 0.0E+0 | 0.0E+0
v Eu | 47B-5 | 9.6E-5 | 33E4 | 6.8E4 | 2.9E3
% »Te | 13E3 | 26B-3 | 80E4 | 1.IE3 | 3.1E7
% mgh | 3563 | 29E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v wTe | 4.6E-3 | 2983 | 0.0E+0 | 0.0E+0 | 0.0E+0
% “Kr | 1.8B-3 | 2.9E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% 28b | 1.4E-3 | 2.6E-3 | 6.1E-11 | 0.0E+0 | 0.0E+0
J wwp | 20E-4 | 44E-4 | 14E3 | 2.1E3 | 3.6E6
% oore | 7.6E-3 | 25E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% Mo | 7.6B3 | 2.5B-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% 20Te | 20E-4 | 40E4 | 13E3 | 1.7E3 | 4.8E7
% ®Rb | 33E3 | 2.1E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% 2wmAm | 22B3 | 2.0B3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% 5pm | 9.6E4 | 1.9E3 | 3.7E4 | 62E9 | 0.0E+0
% sinTe | 9.1E-4 | 1.8E3 | 53E4 | 49E8 | 0.0E+0
% wTe | 43E4 | 88E4 | 16E3 | 5984 | 1.3BE4
% 2Am | 94BE-4 | 19E3 | 3.8E5 | 1.3B-6 | 6.3E6
v sokr | 9.8E4 | 1.9E3 | 6.1E-11 | 0.0E+0 | 0.0E+0
% wBa | 6.5B-3 | 1.9E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% o5y 6.6E-3 | 1.8E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% wcs | 7.6E-3 | 1.7E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% b | 47E-4 | 95E-4 | 14BE3 | 7.7E55 | 0.0E+0
% uCe | 3.6E-3 | 1.6E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
J wmpr | 81BE-5 | 1.2E-4 | 4.0E-4 | 78B4 | 12E3




Fraction of activity from isotope

%0 Q § 2 93

2 2l 8 2 2 0s 30m 5d 25d 500 d
% ogh | 1.2E-3 | 1.5E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% wpr | 2.8E-3 | 1.3E3 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 2nShb | 6.9E-4 | L1E-3 | 0.0E+0 | 0.0E+0 | 0.0E+0
% wpr | 55B4 | 1.1E3 | 5.0E-5 | 2.9E-12 | 0.0E+0
% suNb | 74E-5 | 1.5E4 | 52E4 | 87E4 | 2.6E-5
v 2oTe | 17B-5 | 34E-5 | 12E4 | 2.564 | 9.7E-4




Table A.4. Fractional contributions of istopes to total activity of 80 GWd/MTU 8 wt%

0s 30m  |5d 25d 500 d
Total calculated,|
(MCi/MTU) 237 116 33.5 16.6 3.2
Total listed (MCi/MTU) 127 103 323 16.5 3.20
Fraction of activity from isotope
%D § 2 o
cREER:
= ]l 2 3 0s 30m 5d 25d 500 d
v v] #Np | 87802
v I v] wpr | 63E-03
V| wce | 63E-03 | 13B-02 | 4.4E-02
VIv] >N | 73E03 | 1.5E-02 | 52B-02
V| ™Ru | 3.4E-03 | 6.9E-03 | 2.4E-02 | 4.6E-02 |
v VI v] wRu | 37E-03 | 6.9E-03 | 2.4E-02 | 4.6E-02 |
v JIv] %cs | 20E-03 | 4.1E-03 | 1.4E-02 | 2.8E-02 |
JIv] vz 73E-03 | 1.5B-02 | 4.9E-02 | 7.96:02 | 2.4E-03
VIv] “Ru | 75603 | 1.5E-02 | 49E-02 | 6.9E-02 | 8.1E-05
v | "™Rh | 74803 | 1.5B-02 | 4.86-02 | 6.86-02 | 8.0E-05
V| Py | 12E-03 | 24E-03 | 83E-03 | 1.7E-02 | 8.1E-02
V| mce | 73E-03 | 1.5B-02 | 47E-02 | 6.1E-02 | 13E-05
JIv] wes | 1.0E-03 | 2.1E-03 | 7.4E-03 | 1.58-02 | 7.4E-02
Y Vv ] "mBa | 99E-04 | 2.0E-03 | 7.0E-03 | 1.4E-02 | 7.1E-02
JIv] oy 5.1E-03 | 1.0E-02 | 3.4E-02 | 54E-02 | 1.0E-03
VIv] wra | 81E03 | 1.7E-02 | 48802 | 3.3B-02 | 1.0E-12
V| wPm | 1.0E-03 | 22E-03 | 7.56-03 | 1.5B-02 | 5.6E-02
v Y % 7.8E-04 | 1.6E-03 | 5.4E-03 | 1.1E-02 | 5.4E-02
Y oSy 7.5E-04 | 1.5B-03 | 5.3E-03 | 1.1E-02 | 5.4E-02

|«

'“°Ba 7.8E-03 | 1.6E-02 | 4.2E-02 | 2.8E-02 9.0E-13
“*Pr 6.8E-03 | 1.4E-02 | 4.1E-02 | 3.0E-02 4.5E-12
v 8Sr 3.9E-03 | 8.0E-03 | 2.6E-02 | 3.9E-02 3.0E-04
V| Xe 8.9E-03 | 1.8E-02 | 3.9E-02 | 5.7E-03 0.0E+0
B 4.6E-03 | 94E-03 | 2.2E-02 | 7.8E-03 6.2E-20
v | *Mo 8.4E-03 | 1.7E-02 | 1.7E-02 | 2.2E-04 0.0E+0
*mT¢ 7.4E-03 | 1.5E-02 | 1.6E-02 | 2.1E-04 0.0E+0

2] 6.6E-03 | 1.4E-02 | 1.6E-02 | 4.2E-04 0.0E+0
2Te 6.4E-03 | 1.3E-02 | 1.5E-02 | 4.1E-04 0.0E+0
v 133] 9.2E-03 | 1.9E-02 | 1.2E-03 | 2.8E-10 0.0E+0
“Nd 3.0E-03 | 6.1E-03 | 1.5E-02 | 8.7E-03 4.3E-15

3] 1.0E-02 | 1.9E-02 | 0.0E+0 | 0.0E+0 0.0E+0

3] 8.8E-03 | 1.7E-02 | 2.0E-07 | 0.0E+0 0.0E+0
“’Nb 7.6E-03 | 1.6E-02 | 3.7E-04 | 1.9E-12 0.0E+0
Zx 7.6E-03 | 1.5E-02 | 3.7E-04 | 1.8E-12 0.0E+0
"“La 7.3E-03 | 1.5E-02 | 3.4E-11 | 0.0E+0 0.0E+0
*’mNb 7.2E-03 | 1.4E-02 | 3.6E-04 | 1.7E-12 0.0E+0
v 5Eu 1.9E-03 | 3.9E-03 | 1.1E-02 | 8.7E-03 1.7E-11
*Ba 8.1E-03 | 1.4E-02 | 0.0E+0 | 0.0E+0 0.0E+0
3Ce 6.8E-03 | 1.4E-02 | 3.9E-03 | 3.3E-07 0.0E+0
3Cs 8.5E-03 | 1.3E-02 | 0.0E+0 | 0.0E+0 0.0E+0
'“La 7.0E-03 | 1.3E-02 | 0.0E+0 | 0.0E+0 0.0E+0
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Fraction of activity from isotope

%0 [ § 2 o

3 5 5z &

2 2 &l 2 3 0s 30m 5d 254 500 d
v 2y 63E-03 | 1.3E-02 | 1.3E-05 | 1.6E-19 | 0.0E+0
v 2y 5.5E-03 | 1.1E-02 | 1.0E-11 | 0.0E+0 | 0.0E+0
v “Ru | 5.0E-03 | 1.0E-02 | 3.9E-03 | 64E-07 | 0.0E+0
VI v “*Np | 44E-03 | 9.1E-03 | 6.1E-03 | 1.8E-05 | 3.6E-08
v “Ru | 54E-03 | 1.IE-02 | 2.9E-10 | 0.0E+0 | 0.0E+0
Vv *2Cm | 6.1E-04 | 1.3E-03 | 4.3E-03 | 7.9E-03 | 5.4E-03
v Te | 8.1E-03 | 1.0E-02 | 0.0E+0 | 0.0E+0 | 0.0E+0
v o181 5.0E-03 | 9.9E-03 | 6.3E-06 | 1.3E-20 | 0.0E+0
v 231 5.4E-03 | 9.8E-03 | 1.8E-15 | 0.0E+0 | 0.0E+0
v oTc | 7.9E-03 | 9.4E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “Pr | 46E-03 | 9.1E-03 | 3.0E-08 | 0.0E+0 | 0.0E+0
v Xe | 3.4E-03 | 7.5E-03 | 2.0E-05 | 6.5E-21 | 0.0E+0
v nTe | 46E-03 | 6.5E-03 | 0.0E+0 | 0.0E+0 |  0.0E+0
v ®Kr | 92E-05 | 1.9E-04 | 6.5E-04 | 13E-03 | 6.2E-03
v “Pm | 25E-03 | 5.1E-03 | 3.8E-03 | 1.4E-05 | 0.0E+0
v SSm | 27E-03 | 5.5E-03 | 3.2E-03 | 5.0E-06 | 0.0E+0
v P1Te | 3.9E-03 | 6.2E-03 | 1.4E-04 | 1.2E-08 | 0.0E+0

VvV Eu | 9.1E-05 | 1.9E-04 | 6.4E-04 | 13E-03 | 6.0E-03
v omY | 29E-03 | 6.0E-03 | 4.0E-06 | 8.1E-21 | 0.0E+0
v 25Pu_ | 2.9E-03 | 5.6E-03 | 1.IE-09 | 2.7E-13 | 1.4E-12
v ®Rb | 2.9E-03 | 5.6E-03 | 43E-15 | 0.0E+0 | 0.0E+0
v “Pr | 37E-03 | 53E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0

VvV “Pu_ | 6.7E-05 | 1.4E-04 | 4.8E-04 | 9.6E-04 | 5.1E-03
v ®Kr | 2.8E-03 | 5.1E-03 | 3.8E-15 | 0.0E+0 | 0.0E+0
v “'Ba_ | 7.3E-03 | 49E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v #Y 6.7E-03 | 4.8E:03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “Pm_ | 1.1E-03 | 2.2E-03 | 4.0E-03 | 7.2E-04 | 2.1E-07

VvV *Cm | 64E-05 | 1.3E-04 | 4.5E-04 | 9.1E-04 | 4.5E-03
VI v wTc | 63E-03 | 44E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
VI v 2Cs | 63E-04 | 1.3E-03 | 3.4E-03 | 24E-03 | 1.7E-13
v 5Sb | 72E-05 | 1.5E-04 | 5.1E-04 | 1.0E-03 | 3.8E-03
v wpd | 2.0E-03 | 3.95-03 | 3.2E-05 | 1.8E-15 | 0.0E+0
v Mo | 7.9E-03 | 3.9E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v Xe | 7.8E-03 | 3.7E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v ¥Kr | 2.1E-03 | 3.3E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “La | 6.7E-03 | 3.2E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v mXe | 2.0E-03 | 3.2E-03 | 34E-08 | 0.0E+0 | 0.0E+0
v “Nd | 1.8E-03 | 3.1E-03 | 1.6E-23 | 0.0E+0 | 0.0E+0
v BiSh | 3.6E-03 | 3.0E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v Te | 47E-03 | 3.0E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v ©smRh | 1.5E-03 | 3.0E-03 | 8.2E-11 | 0.0E+0 | 0.0E+0
v “WRh | 3.1E-03 | 3.0E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “wnpm | 2 6E-04 | 53E-04 | 1.7E-03 | 2.4E-03 | 4.3E-06
¥ $Eu | 4.6E-05 | 9.5E-05 | 3.3E-04 | 6.5E-04 | 2.8E-03
v »Te | 13E-03 | 2.6E-03 | 7.9E-04 | 1.IE-03 | 3.0E-07
v Sb | 1.3E-03 | 2.6E-03 | 5.9E-11 | 0.0E+0 | 0.0E+0
¥ Tc | 7.5B-03 | 2.5B-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
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Fraction of activity from isotope

%0 [} § 2 o
2 2 & 2 =2 0s 30m 5d 25d 500 d
v ‘Mo | 7.5B-03 | 2.5E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v ®Rb | 3.8E-03 | 2.4E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v $okr | 1.1B-03 | 2.1E-03 | 6.9B-11 | 0.0E+0 | 0.0E+0
v 2nTe | 2.0B-04 | 40E-04 | 1.3E-03 | 1.7B-03 | 4.8E-07
v sy 7.0E-03 | 2.0E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “Ba | 6.8E-03 | 2.0E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v SIPm | 9.3E-04 | 1.9E-03 | 3.6E-04 | 5.8E-09 | 0.0E+0
v PinTe | 8.9E-04 | 1.8E-03 | 5.2E-04 | 4.7B-08 | 0.0E+0
v 2Te | 42E-04 | 8.6E-04 | 1.5E-03 | 6.0E-04 | 1.4E-04
v 22Am | 9.2E-04 | 1.8E-03 | 3.7E-05 | 1.5E-06 | 7.8E-06
v ¥Cs | 7.9B-03 | .8E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “sCe | 3.B-03 | 1.7E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “wmpr | 82E-05 | 1.3E-04 | 4.2B-04 | 8.1E-04 | 1.3E-03
% 28b | 4.5E-04 | 9.2E-04 | 1.3E-03 | 7.2E-05 | 0.0E+0
% ogh | 1.2B-03 | 1.5E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 2mAm | 1.5B-03 | 1.4E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v “Pr | 29E-03 | 14E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v 2nSb | 6.8E-04 | L.IE-03 | 0.0E+0 | 0.0E+0 | 0.0E+0
v *»Nb | 7.9E-05 | 1.6E-04 | 5.5E-04 | 9.1E-04 | 2.7E-05
v ®nkr | 52B-04 | 1.IE-03 | 1.5B-10 | 2.6E-10 | 2.9E-11
v “Br 8.8E-04 | 1.0E-03 | 0.0E+0 | 0.0E+0 | 0.0E+0




APPENDIX B. DEPLETION STEP SIZE

Polaris PWR assembly depletion used burnup points at 0.1, 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22.5, 25,
27.5, 30, 32.5, 35, 37.5, 40, 44, 48, 52, 56, 60, 64, 68, 72, 76, and 80 GWd/MTU. To confirm the
adequacy of depletion step size, two additional cases were run. The reactivity difference is shown in
Figure B.1 with a “2 GWd/T max” case which has all burnup steps halved compared to the base case and
a “1 GWd/T max” with uniform 1 GWd/MTU steps after 5 GWd/MTU. The observed differences (max
66 pcm) are deemed acceptable for the evaluation of HALEU and HBU trends.
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Figure B.1. Reactivity effect of depletion step size.
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APPENDIX C. COMPUTER CODE INPUT AND OUTPUT

Computer input, computer output, and spreadsheets used to produce the data tables and plots in this report
are described in this appendix, organized by section.

Section 3
Table C.1. Section 3.1 Spreadsheets and computer code runs
Data Spreadsheet Tab Case
Fig. 2a W17_depl_branch_CR_OMTC.xlIsx U-PU plot_data W17x17_5wtp_80g_branches OppmMTC_CR.inp

Fig. 2b W17_depl_branch_CR_OMTC.xIsx U-PU plot_data W17x17_8wtp 80g_branches OppmMTC CR.inp
Fig. 3 W17_lattice_results_rev3.xlsx 5 wt% 80 lattice W17x17 Swtp_80g_branches2.inp
W17x17 8wtp_80g_branches2.inp
Fig. 4 W17_depl_branch_CR_OMTC.xlIsx Fluxes W17x17_5wtp_80g_branches OppmMTC_CR.inp
W17x17 8wtp_80g_branches OppmMTC_CR.inp
Table C.2. Section 3.2 Spreadsheets and computer code runs
Data Spreadsheet Tab Case
Fig. 5 W17_depl_branch_CR_OMTC .xlIsx Kinf plot W17x17 Swtp_80g_branches2.inp
W17x17_6wtp_80g_branches2.inp
W17x17 8wtp_80g_branches2.inp
Fig. 6 W17_depl _branch CR_OMTC.xlsx Reactivity plot Same as above
Fig. 7 W17_depl_branch CR_OMTC.xlIsx DBW plot Same as above
Fig. 8 W17_depl _branch CR_OMTC.xIsx Depletion boron plot | Same as above
Fig. 9 W17_depl_branch_CR_OMTC .xlIsx Kinf plot Oppm W17x17 Swtp_80g_branches2.inp
W17x17_6wtp_80g_branches modbor.inp
W17x17 8wtp_80g_branches modbor.inp
Fig. 10 W17_depl _branch CR_OMTC.xlsx DTC plot Same as above
Fig. 11 W17_depl_branch_CR_OMTC.xlIsx MTC_plot_Oppm W17x17_5wtp_80g_branches OppmMTC_CR.inp
W17x17_8wtp_80g_branches OppmMTC_CR.inp
Fig. 12 W17_depl_branch_ CR_OMTC xlsx CR plot Same as above
Table C.3. Section 3.3 Spreadsheets and computer code runs
Data Spreadsheet Tab Case
Fig. 13 W17_depl_branch_CR_OMTC .xlIsx Plot _kinf 56v252 W17x17_5wtp_80g_CRbranches 252g.inp
W17x17 8wtp_80g_CRbranches 252g.inp
W17x17_Swtp_80g_branches OppmMTC_CR.inp
W17x17_8wtp_80g_branches OppmMTC_CR.inp
Fig. 14 W17_depl_branch_CR_OMTC.xIsx Plot_dtc 56v252 W17x17_5Swtp 80g_branches2.inp
W17x17 8wtp_80g_branches modbor.inp
W17x17 Swtp_80g_252g.inp
W17x17 8wtp_80g_252g.inp
Fig. 15 W17_depl _branch CR_OMTC.xlIsx Plot mtc_56v252 Same as above
Fig. 16 W17_depl _branch CR_OMTC.xlIsx Plot BW _56v252 Same as above
Fig. 17 W17_depl_branch_CR_OMTC.xIsx Plot CRW_56v252 | W17x17_Swtp 80g_CRbranches 252g.inp
W17x17 8wtp_80g_CRbranches 252g.inp
W17x17_Swtp_80g_branches OppmMTC_CR.inp
W17x17_8wtp_80g_branches OppmMTC_CR.inp
Fig. 18 W17_depl_branch_CR_OMTC.xIsx 8wo_depl 1520CR | W17x17 Swtp 80g_ branches2.inp

W17x17 8wtp_80g_branches modbor.inp
W17x17_Swtp_80g_branches OppmMTC_CR.inp
W17x17_8wtp_80g_branches OppmMTC_CR.inp
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Table C.4. Section 3.4 Spreadsheets and computer code runs

Data Spreadsheet Tab Case

Fig. 19 W17_depl_branch_CR_OMTC xlIsx Pincell mg vs CE Polaris_pincell 1520ppm_8wt 56g 90bu.inp
TRITON pincell 1520ppm 8wt 56g 90bu.inp
TRITON pincell 1520ppm 8wt 252g 90bu.inp
TRITON_pincell 1520ppm 8wt CE 90bu.inp

Table C.5. Section 3.5 Spreadsheets and computer code runs

Data Spreadsheet Tab Case

Fig. 20 W17 lattice_results rev3.xlsx Plot max_pin W17x17 Swtp_80g_branches2.inp
W17x17_6wtp_80g_branches2.inp
W17x17 8wtp_80g_branches2.inp

Fig. 21 W17 lattice results rev3.xlsx Plot min pin Same as above

Fig. 22 W17 lattice results rev3.xlsx Plot max_bu Same as above

Fig. 23 W17 lattice results rev3.xlsx Plot_ringl Same as above

Fig. 24 W17 lattice results rev3.xlsx Plot_ring2 Same as above

Fig. 25 W17 lattice results rev3.xlsx Plot ring3 Same as above

Table C.6. Section 3.6 Spreadsheets and computer code runs

Data Spreadsheet Tab Case

Fig. 26 W17 _lattice results rev3.xlsx Plot_eta W17x17_Swtp 80g_branches2.inp
W17x17_6wtp_80g_branches2.inp
W17x17 8wtp_80g_branches2.inp

Fig. 27 W17 lattice results rev3.xlsx Plot f Same as above

Fig. 28 W17 lattice results rev3.xlsx Plot p Same as above

Fig. 29 W17 lattice results rev3.xlsx Plot_eps Same as above

Fig. 30 W17 lattice results rev3.xlsx Plot_removall Same as above

Fig. 31 W17 lattice results rev3.xlsx Plot_abs1 Same as above

Fig. 32 W17 lattice results rev3.xlsx N/A (Fulcrum plot) None

Fig. 33 W17 _lattice_results rev3.xlsx Plot_fissl W17x17_Swtp 80g_branches2.inp
W17x17_6wtp_80g_branches2.inp
W17x17 8wtp_80g_branches2.inp

Fig. 34 W17 lattice results rev3.xlsx Plot rem2 Same as above

Fig. 35 W17 lattice results rev3.xlsx Plot_eff abs2 Same as above

Fig. 36 W17 lattice results rev3.xlsx Plot_fiss2 Same as above

Fig. 37 W17 lattice results rev3.xlsx Plot B-eff Same as above

Fig. 38 W17 lattice results rev3.xlsx Plot L-eff Same as above




Section 4

Table C.7. Section 4.1 Spreadsheets and computer code runs

Data Spreadsheet Tab Case
Tbl. 4 W17 _TSUNAMI_SFP.xlsx N/A W17x17_Swtp_60G_5d_for EPRIrack.inp (Polaris)
W17x17 8wtp _84G_5d_for EPRIrack.inp
W17x17 8wtp 94G_5d_for EPRIrack.inp
Pincell 5wt 60G_5d _decay for EPRIrack.inp (ORIGEN)
Pincell 8wt 84G_5d decay for EPRIrack.inp
Pincell 5wt 94G_5d decay for EPRIrack.inp
EPRI pincell 5wt 60G_5d TSUNAMLinp (TSUNAMI)
EPRI pincell 8wt 84G_5d TSUNAMLinp
EPRI pincell 8wt 94G_5d TSUNAMLinp
Table C.8. Section 4.2 Spreadsheets and computer code runs
Data Spreadsheet Tab Case
Fig. 40 Rerun SAMPLER _pincell. xlsm Polaris_depl_resp Swtp W17X17_pincell 84G_smplrdepl Swtp.inp
Polaris_depl_resp 8wtp W17X17_pincell 84G_smplrdepl 8wtp.inp
Tbl. 5 Rerun SAMPLER _pincell.xlsm Sampler depl plot Same as above
Table C.9. Section 4.3 Spreadsheets and computer code runs
Data Spreadsheet Tab Case
Tbl. 6 HighBU_Swipct_104IFBA_rev2.xIsx Halfnuc worth 50G W17x17 _test 80G.inp (Polaris)

Halfnuc_worth_80G W17x17_60G_5d_decay.inp (ORIGEN)

W17x17_80G_5d_decay.inp
Pincell 60GWD_5wtpt_halfnuc_stack.inp (Polaris)
Pincell 80GWD_S5wtpt_halfnuc_stack.inp




Section 5

In section 5, the following input Polaris cases were used to investigate the inventory behavior.

W17x17_e5_b60G.inp — W17x17 5 wt% 60 GWd/MTU lattice
W17x17_e8 b80G.inp — W17x17 8 wt% 80 GWd/MTU lattice
W17x17_e8 b60G.inp — W17x17 8 wt% 60 GWd/MTU lattice
W17x17_e6.5_b80G.inp — W17x17 6.5 wt% 80 GWd/MTU lattice

A set of ORIGEN decay calculations based on the Polaris discharge inventory at 60 and 80 GWd/MTU
were used to analyze decay heat and activity. The ORIGEN decay heat and activity data was post-
processed into the following spreadsheets to create the tables included in this report.

Table C.10. Section 5 Spreadsheets and computer code runs

Data Spreadsheet Tab Case
Tbl. 8 Decay heat_figures.xlsx Relative differences W17x17_e5_b60G.inp (Polaris)
W17x17_e8 b80G.inp
W17x17_e8_b60G.inp
W17x17_e6.5 b80G.inp
origen/W17x17_e5 b60G.inp (ORIGEN)
origen/W17x17_e5 b80G.inp
origen/W17x17_e6.5_b60G.inp
origen/W17x17_e6.5_b80G.inp
origen/W17x17_e8 b60G.inp
origen/W17x17_e8 b80G.inp
Tbl. 9 Decay heat_figures.xlsx Absolute differences Same as above
Tbl. 10 Activity_figures.xlsx Relative differences Same as above
Tbl. 11 Activity figures.xlsx Absolute differences Same as above
Tbl. 12 Release Inventory.xlsx Relative differences iso | Same as above
basis
Tbl. 13 Shielding_Activity.xIsx Relative differences iso | Same as above
basis
Tbl. 14 Shielding_Activity.xIsx SpontFisDiff Same as above
Tbl. 15 Criticality _Inventory.xlsx Relative differences Same as above
total mass basis
Tbl. 16 Criticality _Inventory.xlsx Relative differences Same as above
total mass basis
Tbl. 17 Criticality Inventory.xlsx Relative differences iso | Same as above
basis
Tbl. 18 Criticality _Inventory.xlsx Relative differences iso | Same as above
basis
Tbl. 19 252g vs_56g.xlsx Sheet3 W17x17_e8 252.inp (Polaris)
origen/W17x17_e8 b80G_252.inp (ORIGEN)




